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Abstract and Declaration of originality
This doctoral project investigates the design, fabrication and testing of Germanium 
implanted gratings in silicon on insulator waveguides. Integrated Bragg gratings are 
an interesting candidate for telecommunication applications, optical filtering, and for 
the fabrication of integrated photonic sensors, and this work demonstrates how it is 
possible to use well established microelectronics manufacturing technologies such as 
ion implantation to reinterpret the fabrication and applicability of these specific 
devices.
In this work we demonstrate that a periodic change in the refractive index can be 
introduced on a silicon waveguide by ion implantation induced amorphization to 
produce integrated Bragg gratings compatible with CMOS processing techniques. 
Germanium implanted gratings can be also erased by an appropriate thermal 
treatment, opening the way to a range of new applications such as optical wafer scale 
testing.
An extinction ratio up to 30dB has been demonstrated in transmission for the 
fabricated implanted Bragg gratings with lengths up to 2mm. Eras ability results are 
also presented, demonstrating how the grating effect can be selectively eliminated by 
either rapid thermal annealing or UV pulsed laser annealing. The possibility of 
employing erasable grating structures in optical wafer scale testing schemes is also 
discussed.
This thesis contains no material which has been accepted for a degree or diploma by 
the University of Surrey or any other institution, except by way of background 
information and duly acknowledged in the thesis, and to the best of my knowledge 
and belief no material previously published or written by other authors except where 
due acknowledgement is made in the text of the thesis.
Renzo Loiacono
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Introduction
Silicon Photonics has the potential to meet the requirements of increasing data rate 
demands of the modern high performance computing and datacommunications 
markets. However, the transition from the “traditional” metallic interconnects to the 
photonic era is subject to the ability to deliver cost effective, high volume, integrated 
optical systems. The past six years have seen rapid growth and dramatic change in 
the field of silicon photonics. According to the MIT Communication Technology 
Roadmap [1], Silicon Photonics is today among the top ten emerging technologies as 
a part of a global market with a potential $20B in annual revenue. This scenario is 
partially a consequence of the recent interest of many large semiconductor 
companies and research institutions across the world, such as Intel Corporation, Sun 
Microsystems and IBM in the USA, CEA LETI, Imec, and ST Microelectronics in 
Europe, and NTT in Japan. It is possible to identify three broad areas of applications 
for Silicon Photonics which are optical interconnects, low cost 
tele/datacommunications (such as Fibre to the home, and high performance 
computing), and optical sensing [2].
Figure 1 illustrates how the addition of a “photonic layer” of optical interconnects 
over the current silicon electronics infrastructure would dramatically increase the 
bandwidth in a variety of application areas, including rack to rack (1-lOOm), board to 
board (50-100cm), and chip-to-chip communications (l-50cm), thus overcoming the 
current bandwidth limitation for metal interconnects, which are affected by 
frequency dependent losses above lOGHz.
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Figure 1. Transition to photonics technologies for data interconnects [3]
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Furthermore, the existing technology know-how for microelectronics makes silicon 
photonics particularly promising for the aforementioned applications, as silicon is 
one of the most understood and well researched technology areas in the modern 
world, with the potential to produce low cost devices, circuits, and systems on a large 
scale.
In order to assemble an efficient integrated photonic system six main technology 
areas have to be investigated: light generation, light propagation, modulation, photo­
detection, assembly/packaging, and system integration (figure 2).
1) Light Source 2) Guide Light 3) Ufoduiation
J
W«v«guidle d ev icn
4) Photo^etection 5) Low Cost Assembly 6) /nfeW/gefice
AII9« A CMOS
SlGo Ptiobodolficlors
Figure 2. Building Blocks of Silicon Photonics Integration [41
Each area of these areas of silicon photonics technology and their recent research 
highlights are briefly illustrated below.
Light Generation: Light generation is perhaps the most challenging aspect of 
integrated silicon photonics devices, since silicon is an indirect band gap material. 
There is a consistent amount of work in literature that investigates the opportunity of 
enhancing the emission of light from silicon. Most notably, the methods in this area 
include the use of silicon nanocrystals, and rare earth doping (such as Er) [5] or 
stimulated Raman scattering [61. A promising alternate route, which has been 
explored in recent years by Intel and University of California Santa Barbara (UCSB) 
relies on integration of silicon with active Ill-V devices [71, as shown in figure 3.
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Figure 3. InP lasers integrated on a SOI substrate recently proposed by Intel and UCSB [7]
The device fabrication involves bonding the active material on a pre-patterned silicon 
photonic chip. This process has been developed so that it requires minimal alignment. 
When a voltage is applied to the bonded chip the light generated from the Indium 
Phosphide based material couples evanescently into the silicon waveguide, creating a 
hybrid silicon laser which is only 850|rm long for an optical gain of 13dB. This 
technique allows inclusion of a large number of active devices on a single chip or 
wafer, opening the way to large tunability applications, low cost fabrication, and high 
integration potential.
Light propagation: Using confined light as a medium to convey data is, of course, the 
main purpose of silicon photonics. Propagation characteristics such as single mode 
operation and insensitivity to polarization can greatly affect the performance of 
integrated devices and telecommunications systems. The building blocks for this 
purpose are the Silicon on Insulator rib and strip waveguides, which will be 
discussed in chapter 1. Guiding light also encompasses a variety of important 
functions such as optical switching, filtering and multiplexing. The use of gratings as 
optical filter elements or couplers falls in this category.
Modulation: Modulation is fundamental to associate information with the 
propagating light. The main distinction between modulation mechanisms is between 
internal and external modulation. Internal modulation relies on varying the 
characteristics of the signal while it is being generated, for example by directly 
altering the pump signal of a laser. This straightforward approach is subject to 
several limitations since it does not allow a good control of the signal characteristics 
and is especially influenced by external factors introduced onto the signal during 
switching, such as chirping and thermal drift, making external modulation the
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approach of choice for telecommunication applications. One of the first efficient 
silicon on insulator modulators was based on an embedded diode structures into the 
waveguides in order to modulate the intensity of the light through carrier injection, 
although due to the slow time of the carrier recombination process, this approach was 
limited to speeds of the order of 20MHz [8]. In the space of a few years silicon on 
insulator modulators have evolved dramatically, due to their potential role in many 
telecommunication applications. Today devices with over 30GHz bandwidth are a 
reality [9], pioneering the era of 40Gb/s data communications.
Photo detection: Since silicon is transparent at infra-red wavelengths the photo 
detection mechanism has to be mediated by some other material. The approach of 
using Ge in conjunction with silicon has proven to be promising for integrated device, 
although introducing this material in a silicon device design needs special care, as 
lattice mismatch limits the thickness of Ge thin films that can be grown on silicon 
wafers. Furthermore Si/Ge compounds are not stable above 600°C, which might 
constitute a challenge in terms of process integration. In order to overcome this 
limitation, Intel corporation recently proposed an evanescently coupled Ge 
waveguide p-i-n photodetector grown on top of Si rib waveguide [10]. Another 
promising approach in this field is the implementation of Si/Ge avalanche 
photodetectors [11], where silicon's material properties allow for high gain and lower 
noise figures than InP-based avalanche photodetectors and a potentially higher 
sensitivity, and in some cases surpassing the performance of traditional InGaAs 
devices [12].
CMOS compatible photodetectors based on the Si-Ge material system and operating 
with a bandwidth of 42GHz have been recently demonstrated [13], confirming the 
wide range of applicability for these devices for telecommunications, optical 
interconnections, and free space photonics applications.
Assembly: Assembly and packaging become crucial aspects in the perspective of a 
low cost integrated photonic technology. The two mainstreams into assembly are 
traditionally represented by active alignment and passive alignment. Active 
alignment is a process that involves the use of an optical source to align 
optoelectronics components after fabrication. This technique has high precision and
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immunity from fabrication tolerances, although is generally slow and expensive. A 
more suited way for mass production technology is therefore passive alignment, 
which is generally implemented through geometrical elements (spacers and grooves) 
directly patterned on the wafers [14]. Coupling light in and out of a silicon chip is 
another important issue related to packaging. Since optical modes travelling into 
fibres are not matched to the small waveguide cross section, tapers or grating 
couplers are normally required to facilitate light coupling [15]-[16].
System Integration: A critical step for the success of silicon photonics as a new 
mainstream technology is represented by an efficient integration solution [17]. 
Integration could follow two different routes. The first would be hybrid integration, 
and this would imply placing multiple photonic devices, fabricated by both silicon 
and III-V technology, on a “traditional” electronic integrated chip. This approach is 
expensive but allows obtaining good performance, since each device can be 
manufactured separately in a different technology. Monolithic integration would 
benefit from the use of a single technology platform, low cost production and 
assembly and high volume manufacturing. It is apparent that the main challenge in 
this case is choosing an integration platform that would allow high performance, 
good yields and process compatibility at competitive prices.
Successful integration strategies are not sufficient to guarantee the coming of age of 
silicon photonics, unless they are paired with another technological requirement 
which is not explicitly mentioned in Intel Corporation’s vision, namely optical wafer 
scale testing.
Adding a “photonic layer” onto a silicon microelectronic circuit is one of the 
challenges that must be addressed in this field. In this perspective, the creation of a 
photonic wafer scale testing technique similar to those employed today in integrated 
electronics industrial manufacturing represents a critical step for the advancement of 
silicon photonics to large scale technology production with reduced costs. Without 
wafer scale testing, the dramatic technical advances of Silicon Photonics in recent 
years would remain in the field of research, because high yield in manufacturing 
would never be achievable.
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Motivation
The aim of this doctoral project is to investigate the possibility of fabricating 
thermally erasable grating structures in silicon on insulator by ion implantation. This 
is motivated by the intention of advancing the current state of the art in the field of 
silicon photonics, by reinterpreting well known CMOS electronics standard 
fabrication techniques which may propel the development of novel applications in 
the field of telecommunications, optical sensing, and photonic wafer scale testing. 
Optical wafer scale testing represents a critical step for future development of the 
silicon photonics industry, and this work represents its starting point.
Overview
Chapter 1 contains an overview on integrated rib silicon waveguides as well as a 
review on the single mode condition studies presented in literature. The main part of 
this chapter reviews the existing literature on integrated Bragg gratings on silicon on 
insulator, discussing the main fabrication trends and of the different devices 
performance. Furthermore, optical properties modifications induced from ion beam 
implantation in silicon are also discussed, as the starting point for the development of 
waveguide implanted Bragg gratings.
Chapter 2 introduces the relevant theory on light propagation on silicon waveguides 
as well as the theory used to model integrated waveguide gratings. An overview on 
implantation theory is also included, discussing amorphization and formation of 
complex defects in ion implanted silicon.
Chapter 3 describes the experimental analysis techniques used in this work. The 
optical and ion beam analysis techniques employed for implanted material 
characterization are presented, followed by a description of the measurements setup 
employed for device testing.
Chapter 4 describes the process of device design. The first section of this chapter is 
devoted to ion beam implantation simulation, discussing the damage distribution and
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ion ranges inside silicon and the possible influence of these factors relate to grating 
performance. The second section describes the grating modelling.
Chapter 5 discusses the fabrication processes employed in the work and the two 
fabrication routes used. A review of the electron-beam lithography process 
development at the University of Surrey for the duration of the project is also 
presented.
Chapter 6 presents the results obtained from device testing, as well as a discussion on 
the results and a comparison with the modelled data, as well as considerations on 
grating annealing and losses.
Chapter 7 contains the concluding remarks on the project outcome, and also a 
discussion of the possibilities created from developing ion implanted Bragg gratings 
towards optical wafer scale testing.
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CHAPTER 1: Literature review 
Introduction
This chapter discusses the existing literature on silicon on insulator rib waveguides, 
silicon on insulator waveguide Bragg gratings and ion implantation damage in silicon. 
In the first section of the chapter, a brief overview of the single mode condition and 
polarization independence for rib waveguides is presented. The central part of the 
chapters is dedicated to integrated waveguide gratings in silicon on insulators, as 
well as to the latest findings on ion implanted gratings which have been recently 
published. The final part presents an overview of the research on the optical effects 
of ion implantation, with a focus on implantation in silicon.
1.1. Silicon on Insulator material and rib waveguides
The research of Silicon on Insulator (SOI) materials has been active since 1960, and 
was initially motivated by the necessity of a high performance material platform for 
integrated microelectronic devices fabrication. In the late 1970s the Separation by 
Implanted Oxide (SIMOX) technique was first used to produce SOI wafers. A 
decade later Richard Soref envisioned the possibility of using silicon material 
systems to create high speed and high performance optoelectronic integrated devices. 
Silicon is opaque at wavelengths below 1.1 pm, although it is transparent at near-IR 
wavelengths from 1.1pm to approximately 7pm [1]. This makes it an excellent 
candidate for optical communication applications, between 1.3pm and 1.7pm 
wavelengths.
The four main types of commercial SOI wafers are:
1. Separation by implanted oxygen (SIMOX): These wafers are based on oxygen 
implantation into plain Si wafers [2]. They generally have SOI and buried oxide 
(BOX) thicknesses <500 nm, although they are widely used in microelectronics [3], 
they are not widely employed in microphotonic fabrication, as the thin buried oxide 
is likely to negatively affect light confinement into silicon.
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2. "Smart-Cut" process: In these wafers, hydrogen ions are implanted into a plain Si 
Wafer [4], which is then bonded to an oxidised Si wafer. The ion damaged causes the 
bonded layer to separate from the original silicon wafer, thus helping to transfer a 
thin Si layer to the oxidised wafer. The resulting SOI and BOX layers have good 
thickness uniformities, and thicknesses up to 1.5 and 3 pm, respectively. The SOI 
thickness on Smart-cut and SIMOX wafers can be further increased by using epitaxy.
3. Epitaxial layer transfer (ELTRAN): These wafers [5] are fabricated by using a 
high-pressure water jet to separate an epitaxial Si layer from its original substrate. 
They are characterized by good thickness uniformity. Presently, ELTRAN wafers are 
available only for 300 mm wafers.
4. Bond-and-etchback SOI (BESOI) wafers [2] are fabricated by bonding a Si wafer 
to an oxidised Si wafer, and by chemical-mechanical polishing it to the required SOI 
thickness. The SOI thickness inhomogeneity is typically 0.5-1 pm, which is the main 
limitation of BESOI. Below ~5 pm thickness the relative thickness variation 
becomes unacceptably high for many optical applications.
As the building block for this technology, silicon on insulator waveguides possess 
many advantages if compared to other materials used in the optoelectronics, such as 
excellent fabrication repeatability, established standard technological processes, 
design flexibility, low optical losses, and potentially low costs for high volume 
manufacturing.
SOI waveguides are constituted of a silicon substrate, a silicon dioxide lower 
cladding and high quality silicon guiding layer. The oxide layer serves as lower 
cladding, as it minimizes electromagnetic field penetration in the substrate. Figure 
1.1 shows typical SOI waveguides that are generally preferred for integrated device 
fabrication.
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(a) (b)
Figure 1.1. SOI rib (a) and strip (b) waveguide configurations
The characteristic dimensions of a rib waveguide are silicon layer thickness (H), etch 
depth (D), slab height (h) and rib width (W) and they determine the characteristics of 
the light propagating in the waveguide. The choice of waveguide dimensions 
generally depends on the specific application. Large cross section rib waveguides 
ensure better coupling with optical fibres, and have reduced polarisation dependence 
if compared to smaller structures. Furthermore they are less affected by scattering 
losses and fabrication tolerances. On the other hand, submicron size structures offer 
increased possibilities for integration, are advantageous for specific classes of 
devices such as phase modulators and ring resonators as they allow enhanced 
modulation bandwidths and higher free spectral range [6 ], however they are likely to 
be more influenced by coupling issues and optical losses. If the silicon layer is etched 
down to the buried oxide a strip configuration is obtained. Strip waveguides 
generally have much smaller cross section than ribs, potentially allowing a higher 
degree of integration and cost reduction. As smaller rib configurations, these 
waveguides enable high figures of merit for resonant devices, although they have 
high polarization dependence, coupling issues, and are more subject to propagation 
losses caused by the increased sensitivity to the sidewalls roughness.
The performance of a silicon on insulator waveguide is determined by its optical loss 
and the number and characteristics of optical modes supported. Single mode 
waveguides are generally preferred for integrated photonics applications, this choice 
is motivated by various factors which affect the performance of optical systems, for 
example:
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• Modal dispersion: Multi-mode propagation is associated to modal dispersion, 
which causes different optical wavelengths to propagate at different speeds in 
the optical medium. This introduces undesirable modal temporal delays and 
pulse broadening effects in digital systems.
• Mode mixing: Different optical modes are likely to interact while propagating 
in the same waveguide, resulting in power exchanges between them. This 
effect is especially evident in the presence of optical discontinuities and 
waveguide junctions, and is a source of unreliability for optical systems.
• Phase dependence: For those devices whose performance is strictly related to 
phase matching conditions such as Bragg gratings and interferometric devices, 
the presence of many optical modes is a cause of poor performance.
In the mid eighties, research on SOI waveguide was first produced by Soref and 
Lorenzo [7] on silicon slabs and rib configurations. In this work the authors 
investigated large cross section SOI waveguides, with features on the order of several 
microns. The authors reported a measured propagation loss of 5 to 13dB/cm for slab 
waveguides and 15 to 20dB/cm for rib waveguides. The rib waveguide had a width 
of 10pm, a total height of 7pm and an etch depth of 2.8pm. In the subsequent years 
most of the studies in this area were focused on the modal behaviour in waveguides. 
Soref et al [8 ] thoroughly investigated the evolution of higher order modes leaking 
out of the waveguide through a beam propagation method (BPM) algorithm. Soref 
demonstrated that higher order modes coupled in a rib waveguide tend to radiate out 
of the waveguide core after travelling a few millimetres along the propagation 
direction, leaving only the fundamental mode. These findings were summarized in 
the single mode condition expression
- < 0 .3 + - t '' (1.1)
b 7 T 7
where a = W/2X and b = H/21 and r = h/H must fall in the interval 0.5 < r < 1. The 
latter condition also meant that Soref s work was limited to rib structures with 
shallow etch depth. In the same year Schmidtchen et al [9] fabricated low loss silicon 
on insulator waveguides with a width between 2 pm and 1 2 pm, etch depth of 2 .2 pm,
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total height 7.4pm, and buried oxide layer of 400nm. The author reported losses 
under 0.5dB/cm at 1.3pm and 1.55pm wavelength.
In 1992 Rickman et al [10] reported considerably low optical losses (0.4±0.5dB/cm 
and 0.14+0.5 dB/cm) for silicon planar waveguides, analysing the influence of 
different silicon layer thicknesses and buried oxide layers. The study was later 
extended to rib waveguides [11]-[12] with H varying between 3.67pm and 7.67pm, 
etch depth between 0.34pm and 3.6pm respectively, and width between 1.69 and 
13.42pm. Optical losses reported were of 0.1 dB/cm for TE polarization, and of 
0.5dB/cm for TM polarization. The study highlighted that a considerable part of the 
losses can be attributed to interface roughness deriving from the SIMOX process 
interface and etched sidewalls. In 1998 Pogossian [13] introduced a stricter criterion 
for single mode operation than Soref’s formula
W r
where c is a constant derived from effective index method (EIM) analysis. The 
author’s analysis, based on EIM calculations, concluded that single mode condition 
required c to become 0, thus setting more restrictive rules for the W/H waveguide 
ratio. Furthermore, Pogossian’s analysis was still limited to shallow etched rib 
structures (r > 0.5). More recently, Lousteau et al [14] hypothesised that the single 
mode condition proposed by Soref is not always sufficient to ensure single mode 
behaviour. The author demonstrated that for waveguides with 3pm and 7.5pm some 
higher order modes (e.g. HEno, with n>l) are still supported by the waveguide and 
are not always subject to high losses at 1523nm wavelength.
Starting from 2000 several studies have been addressed to waveguides with features 
smaller than 1.5pm. Vivien et al [15] investigated rib waveguides with height H  
varying from 0.75pm to 2pm, width varying between 0.8pm and 1.1pm and 
operating wavelength (Xq) of 1.53pm and 1.61pm by finite elements method (FEM)
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analysis, concluding that single mode condition and zero birefringence could be 
simultaneously satisfied in the analysed structures.
The absence of modal birefringence became an important requirement for 
telecommunications systems, especially in telecommunication applications, where 
the propagation of TE and TM modes must have the same characteristics (such as 
AWGs). In sub-micrometer devices the modal birefringence tends to increase due to 
difference between TE and TM field distributions.
In 2005 a study conducted at University of Surrey by Chan et al [16], small cross 
section silicon on insulator waveguide were investigated. The authors examined a 
range of different structures with three different rib heights (H = 1pm, 1.35 pm, and 
1.5pm) respectively for a range of widths between 0.45pm and 1.3pm and etch 
depths up to 1 .2 pm and air overlay.
The authors identified three trends (one for each value of H) that allowed obtaining 
single mode condition (SMC) and zero birefringence (ZBR) simultaneously. The 
required waveguide dimensions for H = 1.35pm are shown in figure 1.2 along with 
the results from Soref and Pogossian studies. The graph shows that there is a limited 
set of waveguide dimensions in which the conditions are both satisfied.
As W decreases below 0.9pm it becomes necessary to proportionally increase the 
etch depth to prevent migration of the optical power in the slab. On the other hand, 
for larger values of W (> 1pm), an excessive etch depth could result in breaking the 
SMC condition. Reducing the overall silicon thickness causes the condition to shift 
towards smaller waveguide features. Furthermore the authors reported that for W = 
0.9pm, smaller birefringence values are predicted for bigger silicon overlay 
structures (B = 3.2x10'^ for H = 1.5pm), whereas smaller structures yield generally 
higher birefringence (B = 2.7x10'^ for H = 1.35pm, and B = 4.8x10'^ for H = 1pm).
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Figure 1.2. SM and ZBR conditions comparison for quasi-TE and quasi-TM modes 
at FT = 1.35pm, calculated by Chan et al [16]
The author produced a generalized expression for SMC
W (0.94 + 0 .2 5 / / ) r
—  <0.05  + --------^  ^
H  V T 7 (1.3)
where 0.3 < r < 0.5 and l.OjJim < H < 1.5p.m. The minimum etch depth for ZBR 
condition has been found to bcD^^ ~ 0.06 +0.556 x / /  pm.
In 2007 Timotijevic [17] conducted a study with oxide covered SOI rib waveguide 
by using the 3D beam propagation method. The author hypothesized that the 
presence of SiOz overlay stress imposes stricter conditions on achieving SMC and 
ZBR simultaneously, resulting in the impossibility to satisfy this kind of requirement 
for both polarisations, as depicted in figure 1.3.
Further to the work previously mentioned, in 2008 Milosevic et al [18] presented a 
study on silicon on insulator waveguides with small cross section and H = 1.35pm, 
accounting for stress effect caused by the oxide overlayer. Specifically, the authors 
reported that different oxide thicknesses impact the ZBR condition differently. The 
effective index change related to the stress can make the ZBR condition less strict, 
allowing more interceptions with the single mode curve.
15
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Figure 1.3. SM and ZBR conditions comparison for quasi-TE and quasi-TM modes 
2i i H  = 1.35pm, calculated by Timotijevic [17]
Figure 1.3 shows part of the results obtained for the case of a silicon on insulator rib 
waveguide with H = 1.35pm and 300nm of oxide on top. Employing the effect of 
oxide stress to tailor waveguide polarisation characteristics opens new possibilities 
for device design, since the condition to achieve the SMC and ZBR at the same time 
appear to be more frequent as compared to the data shown in figure 1.4. Furthermore, 
as discussed by the authors, the SMC/ZBR locus can be further altered by increasing 
the oxide thickness or by introducing non-vertical sidewalls in the design.
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Figure 1.4. SM and ZBR conditions comparison for quasi-TE and quasi-TM modes 
at IT = 1.35pm for stress engineered SOI waveguides, calculated by Milosevic et al [18]
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The authors generalized the results of their study through the equation
^min =l-211-0.465xW  pm (1.4)
where 0.88 <W <1.03 pm. In order to maintain the ZBR condition an additional 
requirement on the oxide thickness is given by
t = 7 0 7 . 0 3 -118.27XÆ" +8.7826x^-0.0027 pm (1.5)
where K  relates the minimum etch depth for ZBR to the oxide thickness as
^  = 1.896-2.372xD ^ pm ^^.6 )
1.2. Bragg Grating devices on Silicon on Insulator
Until recently, silicon based Bragg gratings have been preferably fabricated by 
physically altering the surface of the host material in order to create a corrugated 
profile [19], as the specific shape and periodicity of the profile are directly related to 
the grating performance and frequency response.
In 2001 Murphy et al [20] presented what is considered to be the first example of a 
silicon on insulator waveguide grating device designed to be used as an optical filter. 
The device design was based a large cross section rib waveguide, with 4pm width, 
3pm silicon layer thickness, and 0.8pm etch depth on a 1pm thick buried oxide. The 
grating was fabricated on top of the rib waveguide by reactive ion etching, with a 
223nm grating period and a 50% duty cycle (figure 1.5).
In order to minimize the fabrication tolerances related to the etch process the silicon 
wafer was first covered by an SiOi layer. The grating pattern was initially defined 
using interference lithography and then etched into the oxide layer by CHF3 reactive 
ion etching (RIE), and later transferred to the silicon with an additional etching step. 
The rib waveguide would be later fabricated by photolithography and etching over 
the existing grating. The use of interference lithography for grating fabrication limits
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the flexibility in the choice of the grating features, such as duty cycle. The final 
structure had a total length of 4mm.
Figure 1.5. SEM image of the top surface of the device presented by Murphy [20]
The total losses measured in the device were approximately 13dB for both 
polarisations: the author estimated that the loss could be attributed to the surface 
roughness caused by the etching process, mode mismatch at the waveguide facet, and 
possibly grating scattering losses. The grating operated at the central wavelength of 
1543nm. The measured frequency response indicated that quasi TE propagation 
encountered the maximum reflectivity of 90%, which corresponds to a coupling 
constant of Kte = 4.5cm '\ whereas quasi TM propagation is related to the maximum 
reflectivity of 50% and has a coupling constant of Kjm = 2.1cm"\ The grating 
frequency response also showed additional peaks (figure 1 .6 ) that were located 
below the fundamental mode wavelength.
-20
-25
s § s s I
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Figure 1.6. TE spectral response measured for the device presented by Murphy [20]
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Considering the large waveguide dimensions, these secondary peaks have been 
attributed to the coupling of leaky modes in the slab region.
In 2002 Hastings et al [21] highlighted the possibility to implement apodization to 
SOI Bragg gratings. Apodization [22] is a well known technique in the fabrication of 
fibre based gratings, and consists in a modulation of the grating amplitude aimed at 
tailoring the grating frequency response to address specific application needs, such as 
suppression of sideband oscillations, which is fundamental in wavelength division 
multiplexing (WDM) systems. In the work presented by Hastings, this was achieved 
by extending the corrugation onto the rib sidewalls (figure 1.7). This choice was led 
by the observation that traditional apodization techniques for fibre gratings, based on 
distributed refractive index variations, are limited by the lithographic techniques for 
fibre fabrication, and therefore not always applicable to waveguide devices. The 
waveguide dimensions were chosen to guarantee the single mode condition. The rib 
width was 1.6p.m, with an 800nm etch depth. The silicon layer had an overall 2.2|im 
thickness. The grating had a 225nm pitch and extended to a maximum of 520nm 
outside the rib. The total grating length was L =3mm. The predicted coupling 
efficiency for the device was K = 28cm'\
The results obtained for these devices displayed increased modal birefringence, 
although the apodized profile facilitated enhanced sidelobe suppression in the 
frequency response.
It is interesting to notice that, by placing the corrugated structure on the waveguide 
sides, these devices can be fabricated by a single step lithography and etching.
rib width
o  -0 .5 grating width
3mm
2-position along grating (mm)
Y'V V'
/ 3 2 5  nm
225 nm
(a) (b)
Figure 1.7. Schematic representation of the raised cosine-like area occupied by the corrugation 
in the device proposed by Hastings (a), SEM image of the fabricated device (b) [21]
19
Erasable Bragg gratings in SOI Chapter 1 : Literature review
In the same year Aalto et al [23] proposed an SOI Bragg grating device fabricated on 
rib waveguide with large cross section. The device proposed by the authors had deep 
grating grooves (> 1 pm) extending out of the rib area (figure 1 .8 ), resulting in a 
higher grating efficiency.
(a) (b)
Figure 1.8. Schematic representation of the SOI grating proposed by Aalto et al [23], SEM
picture of the etched grating
The waveguide width discussed by the authors varied between 4 and 8 pm, in order to 
provide good fibre-to-waveguide coupling. The total waveguide height (H) was 9pm, 
with an etch depth up to 4.3 pm. These dimensions require the grating to be at least 
1pm deep in order to influence the light propagation effectively. The author 
estimated that a 6.75mm long first order grating with a period of 225nm and a 6 pm 
wide waveguide would produce a 1 0 0 % reflectivity peak at the wavelength of 
1530nm. In order to fabricate the grating, an oxide layer was thermally grown on the 
SOI wafer. The pattern was initially transferred by electron beam lithography and 
reactive ion etching on an oxide layer hardmask, and the actual grating was 
subsequently etched in the underlying silicon through a switched SF6/C4F8 ICP 
process. After grating fabrication the waveguide fabrication was carried out by 
photolithography. The last fabrication step included etching of a second grating 
pattern again on the sides of the newly formed rib waveguide. The author reported 
that second order (450nm period) gratings (figure 1.8-b) showed much better 
repeatability than the first order devices (225nm).
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In 2003 Chan et al [24], from the University of Surrey, proposed a silicon on 
insulator Bragg grating device based on a third order grating (figure 1.9). By using 
higher order gratings problems related to fabrication tolerances can be reduced and 
the fabrication process simplified, although at the expense of reducing the overall 
efficiency of the device. The designed device had grating pitch of 689nm and grating 
depth of 2 0 0 nm and was fabricated on a waveguide with width of 1 pm, etch depth of 
0.86pm and total height of 1.36pm. The device was fabricated with a technique 
similar to that reported by Murphy [20]. The author reported a maximum reflectivity 
of 42% for a 1500pm long grating.
Figure 1.9. SEM image of the third order grating fabricated by Chan et al [24]
In 2004 Moss et al [25]-[26] reported a silicon on insulator Bragg grating fabricated 
by focused ion beam milling (FIB) (figure 1.10-a). This technique avoids the e-beam 
lithography patterning and etching and relies on very high resolution direct writing 
on the silicon. The rib waveguide was 4.7pm wide and had a 2.2pm etch depth. The 
total silicon thickness was 5pm on a 0.4pm thick silica layer. The grating had a pitch 
of 240nm in order to obtain a Bragg wavelength centred at 1660nm. The total grating 
length was 330pm.
The authors estimated the theoretical coupling constant to be K = 63cm'* and 
measured the spectral width of 6 nm (figure 1.10-b). They also reported that the 
modal shift between TE and TM due to birefringence was expected to be very small 
for this kind of structure (<0 .2 nm).
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Figure 1.10. FIB image of the grating fabricated by Ta’eed et al (a), reflection peak associated to 
leaky mode coupling near 1550nm wavelength (b)
The fabricated structure showed many discrepancies from the expected design in 
terms of feature size as well as device operation. These issues were attributed to 
redeposition of milled material as well as implantation of Ga ions and damage during 
processing. A theoretical analysis showed the presence of approximately 20 high 
order lossy modes whose coupling originates additional peaks in the spectrum. This 
effect has been explained by observing that the modal overlap related to leaky modes 
is larger than the one related to the fundamental guided mode.
In the same year Dong et al [27] proposed a second order grating device based on a 
silicon on insulator structure (figure 1 .1 1 ).
Air, n= l
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Figure 1.11. Second order grating filter proposed by Dong et al [27]
The device was fabricated on a SOI wafer with 0.24|JLm thick silicon layer and 3pm 
thick oxide layer. The authors also considered a range of different grating depths 
varying between 80nm and 500nm. These depths also include the possibility of 
etching through the oxide while fabricating the grating.
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The grating was 20 periods long, which corresponds to a length of approximately 
13pm. The grating pitch was 620nm, and it was designed to obtain a Bragg reflection 
wavelength close to 1.55pm. The authors predicted that a 0.5 duty cycle grating with 
a 500nm etch depth was capable of achieving a maximum reflection of 98%.
Figure 1.12 shows the simulated reflection spectra for the proposed device.
 duty cycle *  0.1
—  duty cycle * 0.3
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Figure 1.12. Measured reflectivity spectrum for the device fabricated by Dong et al [27]
This kind of device had a very high coupling efficiency over a short grating distance, 
due to the very deep etch depth resulting in grating stop bands up to TOOnm.
In 2004 Liao et al [28] proposed a silicon on insulator tuneable grating device that 
relied on the index difference between deposited amorphous silicon and crystalline 
silicon (figure 1.13). The device was fabricated on silicon on insulator wafer with a 
4pm crystalline silicon overlayer and a 0.375pm thick buried oxide layer.
Polv-silicu n  rouions
..1 u n i K ib. 0  i i  S i l i c o n
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B u r ie d  o x id e  
S i l i c o n  su b s tr n te
Figure 1.13. Schematic and cross section for the device proposed by Liao et al [281
The grating trenches with dimensions of 1.2pmx2.3pm were etched by ICP etching 
down to a depth of 3.4pm. The trenches were later filled with amorphous silicon
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deposited by CVD at 550°C. These process conditions allowed minimization of the 
optical losses (caused by grain boundaries) in the deposited polysilicon.
The rib waveguide was etched as the last step of the process, the etch depth was 
1.3pm and width 3.5pm. The authors investigated different grating periods between 
2.41pm and 2.485pm, and grating lengths between 200 and 1500 periods. They 
reported that a maximum reflectivity of 70% was obtained for a 500 period grating. 
The central Bragg wavelength was in the interval between 1520 nm and 1570 nm and 
showed sensitivity to the device temperature of 1.3nm/10°C. A 3dB bandwidth of 
0.5nm was reported for the device (figure 1.14).
1543 1548 1553  1558
W avelength  (nm)
1563
Figure 1.14. Reflected spectra of the device proposed by Liao et al [281 for different device
temperatures
The idea of employing SiON for integrated grating devices (figure 1.15-a) was also 
considered by Jones et al [29]. In 2005 the authors suggested the possibility of 
integrating a SiON grating structure on a SOI wafer. This solution aims to reduce the 
refractive index difference between the actual grating and the surrounding material, 
improving thermal stability and scattering losses.
The device employed a 2pm wide rib waveguide with a 0.6pm etch depth. The total 
silicon layer thickness was 2pm. Before the rib fabrication, the region to be occupied 
by the SiON was patterned and etched away down to the buried oxide layer by a 
selective plasma etch step. The SiON (n = 1.68) was subsequently deposited into the 
trench and planarized.
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Figure 1.15. Schematic representation of the device proposed by Jones et al [29], measured 
reflected spectra for two different grating length
The Bragg grating was patterned on the silicon oxynitride area and etched up to a 
depth of VOOnm. For grating tuning purposes, the grating trenches were filled with 
additional SiON with nsi0N=l-69 refractive index. The final grating structure had a 
328nm pitch, replicated 1250 times. The device exhibited a peak reflectivity of 90% 
at 1344.4nm wavelength (figure 1.15-b), with an optical bandwidth of 0.5nm.
The integration of a different material onto the SOI wafer leads to interesting loss 
considerations. Since the refractive index of SiON is lower than that of silicon, a 
thicker buried oxide layer (> 1.5pm) is needed to prevent radiation leakage into the 
substrate. The SiON region had a propagation loss of 0.3dB/cm. Also the presence of 
a different material leads to an additional interface mismatch loss, which has been 
estimated to be around 1.5dB.
Kanamori et al [30] highlighted the possibility of fabricating a Bragg grating filter by 
directly etching the silicon of a SOI structure down to the buried oxide layer (figure 
1.16)
S i su b stra te
Figure 1.16. Resonant grating filter presented by Kanamori et al [30]
The device pattern was defined by E-beam lithography on a ZEP520 resist layer, and 
subsequently etched in SFe ambient. The silicon on insulator system used had a 3pm
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thick buried oxide and a 205nm thick crystalline silicon layer. The authors proposed 
three possible device variants by fabricating gratings with periods of 680, 700 and 
720nm with a duty cycle of 76%. The 700nm device exhibits high reflectivity (near 
to 100%) on a wavelength interval of 40.9nm centred at the 1502nm wavelength. The 
authors claimed that the spectral width could be reduced by employing a SOI wafer 
with 1.1pm thick buried oxide and 0.53pm thick silicon layer and choosing a 
different grating pitch (807nm) and a 53% duty cycle. According to the authors, this 
kind of device could be easily replicated on the same wafer while varying the grating 
period, allowing fabrication of optical filter arrays suitable for multi-wavelength 
communication systems.
Zhigang et al [31] recently proposed an integrated Bragg grating fabricated on a large 
cross section silicon on insulator waveguide by using e-beam lithography (figure 
1.17-a).
The SOI system chosen for the device fabrication had 1pm thick buried oxide and 
2.1pm thick silicon layer. The authors chose the waveguide dimensions in order to 
ensure single mode condition and low bending losses (the latter parameter is chosen 
in perspective of photonic circuit integration).
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Figure 1.17. SEM picture (a) and simulated (dashed) and measured (continuous) transmitted 
spectrum (b) of the grating device proposed by Zhigang et al [31]
The waveguide was 2pm wide and had a 0.53pm etch depth. The grating was 
fabricated through a procedure similar to that used by Murphy, except for the fact 
that the grating pattern is defined by e-beam lithography rather than interference 
lithography, allowing increased control on the 230nm grating period. After the 
patterning step, the final structure is fabricated by RIE etching in a CgFg/Oi/Ar
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atmosphere. The grating had a depth of 230nm, a 40% duty cycle and a 500pm 
length. The authors reported that the electron beam lithography process was still 
subject to errors that influenced the transmitted spectrum (figure 1.17-b). 
Nonetheless the device performance showed relatively good agreement with the 
theoretical simulation. The discrepancy could be related to the residual surface 
roughness on the grating structure and imperfections in the resist deposition. Based 
on the measurements, the authors estimated a coupling constant of K = 30cm'^ for the 
TE mode, a coupling loss of 4dB on each facet, and a propagation loss of 3dB/cm.
In their work, proposed in 2007, Honda et al [32] investigated a tuneable Bragg 
grating device fabricated on silicon on insulator and driven by an Au/Cr electrode 
(figure 1.18).
Figure 1.19 shows the grating response for different voltages applied to the control 
electrodes, demonstrating a wavelength shift up to 20nm for an applied voltage of 6 V. 
The transmission minima had amplitude of 20dB and a bandwidth of 4nm. The 
maximum coupling constant measured was 150cm'\
50 DKV 9  ^  »  Ofc 5 6 ,V ;
Figure 1.18. SEM of the cross section (a) and top view (b) of the SOI grating device fabricated
by Honda et al [32]
- 5  -
R - 1 0 -
—  ov
 3 .3  V
- - - •6 .0  V
- 2 0 -
-2 5
1535 1545 1555 1565 1575
X ,  nm
Figure 1.19. Grating response for different voltages applied to the control electrodes for the
device proposed in [32]
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The authors reported a grating etch depth of 270nm obtained through the use of the 
Bosch etch process. The grating pattern with a 230nm pitch was first defined on the 
SOI wafer by e-beam writing on ZEP520 resist. After the grating pattern had been 
etched, Si0 2  was deposited on the device. The rib waveguide were defined by 
spinning photoresist on the SiOz layer and performing the first RIE etching with CgFg 
to pattern the oxide and the second RIE step of CI2 to pattern the rib waveguide using 
oxide as the hardmask. The waveguide was designed with a 1.1pm etch depth and a 
2pm width. The authors predicted that the improved grating depth would give a 
coupling constant of 180cm'^ for a device length of 600pm. The Au/Cr electrodes 
were fabricated on the complete device by e-beam evaporation and wet etching.
In 2008 Gnan et al [33] reported sidewall corrugated Bragg gratings fabricated by 
electron beam lithography and inductively coupled reactive ion etching, as shown in 
figure 1.20. The fabrication process proposed included using hydrogen 
silsesquioxane (HSQ) electron beam resist as masking material. A 250nm thick layer 
of HSQ was patterned on an SOI wafer with 260nm silicon thickness and 1mm 
buried oxide layer. After exposure, the pattern was subsequently etched by using an 
SF6-C4F8 Bosch process.
nominal
dim ension
Figure 1.20. SEM imaging of the device proposed by Gnan et al [33]
The proposed device was fabricated with a period of 390 nm with a 50% duty cycle. 
The silicon waveguide had an overall width of 500nm, which decreased to 260nm in 
the recessed sections. Device lengths were reported from 1.2mm up to 8.4mm. The 
gratings were designed to produce a stop band of 80nm at 1520nm wavelength. The 
author reported propagation losses as low as 0.92dB/cm and a stop band > 60nm 
around 1520nm wavelength.
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In the same year Sardo et al [34] proposed an integrated Bragg grating for optical 
filtering based on the integration of a Germanium doped SiOi waveguide on a SiOi 
substrate. Figure 1.21-a shows an SEM picture of the proposed device, showing a 
cross section of the fabricated grating.
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Fig 1.21. (a) SEM imaging of the device proposed by Sardo et al [34], (b) measured and 
simulated transmission and reflection responses reported by the authors
In order to fabricate the device, a layer of Ge doped Si02 was deposited by PECVD 
on a 10pm thick SiOi layer. Using Ge doped Si02 yielded a 0.7% refractive index 
contrast between the waveguide core and the cladding. An additional 500nm layer of 
polysilicon was deposited on the doped Si0 2  layer to be used as etching hardmask. 
The Grating pattern was written by electron beam lithography using a multilayer 
resist composed of HSQ, UV6 and AZ5214 with an overall thickness of 2.72 pm. 
This choice was justified by the very high aspect ratio (etch depth 4.5pm) required 
for the design. The device pattern was etched through the hardmask by using a 
mixture of C4F8/CH2F2/CO/He. The waveguide core dimensions were 4.5x4.5pm^. 
The grating had a period of A = 535.5nm and an overall length of 8mm, and was 
designed to operate at 1550nm wavelength. The reported extinction ratio for the 
device was 30dB, with a stop bandwidth of 0.5nm at -3dB, as shown in figure 1.21-b. 
In 2009 Tan et al [35] proposed a cladding modulated Bragg grating in SOI produced 
by a single step lithographic process. The device is showed in picture 1.22. The 
periodic index variation is induced by an array of micro cylinders at both sides of the 
waveguide. According to the authors, the proposed design also improved tunability.
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as the grating strength is dictated by the distance between the waveguide and the 
periodic elements.
Figure 1.22. SEM imaging of the cladding modulated device proposed by Tan et al [35]
Two designs were produced. The first had device length L= 100pm, period A = 
300pm, and distance from the waveguide d = 200nm, and the second with L = 70pm, 
A = 295pm, and d = 50nm. This aimed to demonstrate how a difference in the micro 
cylinders distance would influence the coupling efficiency of the devices. The first 
design had an expected theoretical coupling efficiency of 43 cm"\ whereas the 
second design had a theoretical coupling efficiency of 291 cm '\ Both designs were 
implemented by using SOI wafers with 250nm thick Si overlayer and 3pm buried 
oxide. The pattern was transferred on the silicon by electron beam lithography and 
reactive ion etching. The authors reported a transmission stopband of 8nm for the 
first design, and a transmission stopband of 16nm for the second design. The 
measured coupling constants were reported to be in good agreement with the 
theoretical values.
In 2008 ion implanted Bragg gratings in Silicon on Insulator were first reported by 
Bulk et al [36] in a collaboration with University of Surrey. The authors reported two 
possible types of implanted gratings, as shown in figure 1.23. The first type of device 
was fabricated by implanting a high dose of oxygen on an SOI substrate with the aim 
of synthesizing SiOi periodic pattern near the wafer surface, and the second type of 
device was fabricated by implanting Silicon ions in the SOI substrate with the aim of 
periodically altering the refractive index of silicon by amorphization.
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(i) S ilicon -on -in su lator  wafer (i) S ilicon -on -in su lator  wafer
(ii) Silicon nitride (LPCVD at 740 °C ) (ii) 30 nm  therm al oxide and 100 nni photoresist
(iii) E -beam  pattern 222 nm  grating (iii) H olographically  defined 220 nm  grating
(iv) O xygen im p lantation  (iv) Silicon im p lantation
Figure 1.23. Schematic overview of the Oxygen on SOI implanted devices and Silicon in SOI
implanted devices proposed in [36]
For the first devices a lOOnm SigN4 layer was first deposited on an SOI wafer to be 
used as masking material. The overall Silicon thickness of the SOI wafer was 1.5pm. 
The grating pattern was imaged on the hardmask layer by electron beam lithography. 
The grating period was A = 222nm and the overall length of the device was 1mm. 
An oxygen implant with dose 1.6x10^^ ions/cm^ at 30keV energy was performed at 
University of Surrey ion beam centre. The first implant was followed by an 
additional implant with dose reduced at 0.8x10^^ ions/cm^ and energy reduced at 
lOkeV. The double implantation process aimed at facilitating the synthesis of Si02 in 
the material while accounting for the progressing mask erosion due to the high 
implant dose. The implant conditions were calibrated in order to produce a 70nm 
thick surface SiOi layer. Rib waveguides were not etched on the silicon substrate, 
therefore the devices were tested in slab waveguide configuration. The theoretical 
efficiency predicted for these devices from the authors was 55dB.
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Fig 1.24. Transmission response measured for the oxygen implanted gratings fabricated at
University of Surrey [36]
The oxygen implanted Bragg gratings were reported to produce an extinction ratio up 
to lOdB in transmission around 1548nm wavelength, as shown in figure 1.24. The 
gratings presented a considerably lower efficiency if compared to the simulated 
results. This discrepancy was attributed to the non idealities of the grating profile, 
such as straggling in the ion distribution, accumulation of defects during the ion 
implantation, mask erosion, and absence of a high temperature post processing 
annealing (1300°C) to finalize the Si02 formation.
The second device design involved silicon implanted Bragg gratings. Devices were 
fabricated starting from an SOI wafer with a silicon overlayer of 2.2pm.
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Fig 1.25. Transmission response measured for Silicon implanted Bragg gratings reported by 
Bulk et al [36], as implanted (black curve), and after low temperature annealing (grey curve).
32
Erasable Brass gratings in SOI_____________________ Chapter 1 : Literature review
The wafers were first oxidized in order to produce a 40nm thick Si0 2  which would 
facilitate photoresist removal and offer additional masking protection for the implant. 
A lOOnm thick layer of Shipley 1808 photoresist was spin coated on the samples. 
The gratings were patterned on the resist by using a Lloyds’ mirror configuration 
setup with a 325nm wavelength He-Cd laser. Devices with period A=220nm and 
length up to 7mm were produced. These devices were also tested in a simple slab 
waveguide configuration. The samples were implanted at low temperature (77K) in 
order to prevent damage self annealing. The implantation condition included Si ions 
with a dose of 10^  ^ions/cm^ at 50keV and 70keV energies.
According to the authors a 70keV Si implant could produce a refractive index 
modulation with a depth up to 170nm from the surface.
The authors reported an extinction ratio in transmission of 5dB for the 70keV 
implanted samples and an extinction ratio of 3dB for the 50keV implanted devices 
around 1530nm wavelength.
The efficiency of these devices also proved to be affected by the difficulty of 
controlling the ion implanted profile and the presence of defects inside the implanted 
region. In an attempt to minimize these negative factors the samples were annealed at 
300°C. The low temperature annealing would eliminate the least complex 
implantation defects (such as divacancies and point defects) and possibly improve 
the regularity of damage distribution, while preserving the overall amorphous regions. 
As a result the efficiency of the devices was actually reduced (as shown in figure 
1.25). This result suggested that the implantation conditions used were probably not 
sufficient to ensure complete material amorphization.
Additional work on Silicon implanted grating was reported by Bulk later in the same 
year [37]. Silicon implanted Bragg gratings were produced in a similar way to that 
described previously in [36] although extra steps were introduced in the fabrication, 
most notably the patterning of a rib waveguide after ion implantation (figure 1.26). 
Implanted devices were fabricated by using SOI wafers with a 2.5pm thick silicon 
overlayer. In order to gain more control on the implantation process, a 250nm thick 
polysilicon hardmask was deposited on the SOI wafer. The grating patterns were 
imaged holographically by using the methodology previously described in [36] and 
etched into the hardmask by using an SF6/C4F8 Bosch process.
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The samples were implanted with a dose of 2x10^^ ions/cm^ silicon ions at 50keV 
and 60keV energies. After ion implantation a rib waveguide was patterned in 
correspondence with the index modulated region. The waveguide width was 2pm 
wide with a 0.7pm etch depth. Dimensions were chosen in order to ensure single 
mode operation.
15-OkV X20.000 1/rni WD93mm
Figure 1.26. SEM imaging of the implanted grating after waveguide etching proposed by Bulk 
[37], no grating relief is visible on the surface of the implanted waveguide.
Figure 1.27 shows part of the results reported by the author for the 60keV implanted 
devices and different grating lengths. An extinction ratio up to 18dB was reported for 
60keV implanted devices with 2.1mm length, a performance comparable with 
devices produced by surface corrugation.
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Figure 1.27. Transmission results reported by Bulk [37] later in 2008 for Si implanted gratings
of different lengths.
Grating bandwidth at -3dB was reported to be 0.65nm for the 50keV implanted 
devices and 0.45nm for the 60keV implanted devices at 1555nm. The author reported
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additional peaks in the grating response that were attributed to the coupling to leaky 
modes.
An annealing study was performed on these devices in order to investigate the 
potential loss reduction due to low temperature annealing. The author reported that a 
low temperature annealing below 300°C reduced the efficiency of the grating. The 
authors observed that this would mean that point defects also contribute to the 
increase of the refractive index.
1.3. How ion Implantation affects optical properties of Silicon
Ion implantation is a key technology of the integrated electronics industry, 
supporting the constantly growing scale of integration and the need of higher device 
performance. In the present day any integrated electronics manufacturing process 
rarely contains less than 10 implantation steps [38].
Ion implantation has been extensively developed and applied in integrated 
electronics fabrication, and during the years also other applications have been 
developed, such as material modification for corrosion resistance, surface hardening, 
wear reduction, and focused ion beam milling (FIB).
The optical properties of silicon can be altered either by doping or damage. Doping 
techniques are extensively used in microelectronic fabrication [39] and involve 
implanting group III and group V ion species in silicon. The refractive index change 
caused by the presence of any of these elements in the silicon can be predicted by 
using the Drude model equations [40] equations, which relate carrier concentration to 
the real and imaginary part of the refractive index of Silicon
A n = ANg  ^ ANh\m l m l \
Sn’^c^SQÎi
AJVg ANh
pi f f l e  Tn*hlih\
(1.7)
(1.8)
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where X is the wavelength of light, c is the speed of light in vacuum, n is the 
refractive index of Silicon, m l is the effective mass of electrons, is the effective 
mass of holes, /tg is the mobility of electrons, is the mobility of holes, AN^ is the 
change in the electron density, and ANf^ is the change in the hole density.
This principle is widely applied to integrated silicon modulators [41], but is not the 
ideal choice for passive optical devices, due to the difficulty in controlling the dopant 
diffusion.
In an early paper Fan et al [42] investigated the effects of neutron irradiation into 
silicon with energies up to a few MeV and beam dose on the order of lO^^cm' .^ The 
author reported the appearance of eight absorption bands in irradiated silicon in the 
1.8pm-30pm wavelength region. These absorption bands were associated to the 
electronic excitation of point defects created during the ion implantation process. 
Specifically, the authors observed that low temperature annealing (between 140°C 
and 200°C) could reduce the material absorption (as shown in figure 1.28).
Anneal
«--- *140°c
— - 1 7 0 ° C  
*— *200°C
Hours of anneal
Figure 1.28. Absorption coefficients measured for different annealing temperatures 
for the 1.8 pm absorption band [42]
In 1976 Townsend et al [43] reported that the lattice disorder introduced by energetic 
light ions (such as He^ ions) implanted at MeV energies generally caused a decrease 
in the refractive index due to the formation of low density regions in the material. 
The refractive index change in materials such as KnBOs and KTaOg was reported to
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be between 2% and 15% with ion doses between 10^  ^ions/cm^ and 10^  ^ions/cm^. 
The average refractive index variation was between 2% and 3%. In some cases the 
use of high doses (1 0 ^^  ions/cm^) could lead to material amorphization, depending on 
the material chosen. Energies around IMeV were used to ensure that the change was 
deep enough (generally 2pm) to confine light. The authors reported that the losses 
introduced with this kind of process were mostly related to the formation of colour 
centres, which could be removed with low temperature annealing (200°C).
An increasing number of authors started to investigate the applicability of the ion 
implantation to the fabrication of optical waveguides. During these years almost all 
of the optical waveguide fabrication processes employed exotic materials, such as 
lithium niobate. As an example Ti diffusion and ion exchange inevitably introduced a 
change in the impurities percentage or composition of the crystal, with potential 
formation of absorption bands, whereas thin film deposition methods such as epitaxy, 
CVD, and sputtering depended heavily on the process condition and could not 
guarantee full repeatability, as each knowledge base would not be transferable to a 
different material.
Furthermore, deposited material could suffer from low quality of the interface 
between the waveguide film and the substrate, and stress induced by the lattice 
mismatch, leading to increased scattering losses. In this perspective, ion implantation 
was regarded as a way to improve the waveguide fabrication technique over other 
approaches. From the experiments conducted, it appeared that lattice amorphization 
was the most viable way to substantially alter the refractive index of the implanted 
material. These studies, first reported in 1976 by Kersten et al [44], involved the use 
of materials such as LiNbOg [45], KNbOs [46], or garnets ( Y 3 A I 2 O 5 )  [47], and 
amorphous glasses such as silica. These experiments aimed to create lower refractive 
index regions in order to contain light through light element implants, such as He^ at 
various ion energies (ranging from hundreds of keV to a few MeV).
Webb et al [48] performed a study on the refractive index change of ion implanted 
glass reporting refractive index increase around l%-2% for H^, He'*', Li^, Na'*', Ar'*' 
and Bi^ irradiated samples. The energies used in these experiments varied between 
25keV and 2MeV and doses between 10^  ^ ions/cm^ and 10^  ^ions/cm^, depending on
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the ion mass. The authors stated that the refractive index change in the glass is 
caused by a change in the density of the structure, since the ion implantation 
increases the compactness of the material. Moreover, these authors reported that an 
enhanced refractive index increase (up to 6 %) could be achieved by implanting 
nitrogen in the glass. The reason for the increased refractive index change could be 
related to the possibility of synthesizing silicon nitride compounds during the implant.
In 1972 Baranova et al [49] analysed the refractive index changes caused by different 
elements and different doses in silicon by the Fourier transform infra red reflection 
and absorption technique (FTIR). The ion species considered in this study included a 
range of different ions, from Boron to Antimony. The doses considered varied 
between 3x10^^ ions/cm^ to 6x10^^ ions/cm^. The experiments suggested that the 
damage accumulation related to the refractive index change, and its dynamics could 
be divided in three distinct regimes, as shown in figure 1.29.
D o se  (cm-2)
Figure 1.29, Relative refractive index change induced by ion implantation of different element
into silicon [49]
The first part of the damage curve has a linear trend which corresponding to the 
initial damage accumulation (zone I). If the dose is increased to a critical value the 
damage accumulation quickly shifts to a steeper damage accumulation regime (zone 
II). Eventually this behaviour reaches saturation (zone III). Holland et al [50] later 
observed that the three dose ranges identified by Baranova et al could be associated 
to different types of defects: zone I was mainly characterised by the presence of 
simple point defects such as vacancies, that easily recombine at room temperature, 
zone II was related to complex defects such as divacancies and amorphous pockets
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deriving from defect nucléation, whereas zone III contained fully amorphous 
material as the result of a cooperative process between defect growth and amorphous 
pockets expansion. As a result, relative refractive index changes up to 0.2 have been 
registered in silicon for ion implantation conducted at 80keV energy. Clearly the ion 
mass had a direct influence on the dose range required for amorphization, since the 
amorphization onset is shifted to lower dose values as the ion mass increases.
In 1975 the same author reported a study for amorphization of silicon for different 
mass ions at different temperatures (figure 1.30) [51]. The ion species considered in 
the study were B (light). Ne (medium) and Sb (heavy) for different target 
temperatures (-150°C, 25°C, and 100°C).
Figure 1.30. Relative refractive index change induced by ion implantation of different element
into silicon [51]
The study revealed that a reduction in temperature allowed the implanted material to 
amorphize earlier if compared to room temperature implants. Specifically, for low 
temperatures, zone I disappears, and the damage is proportional to the ion dose. On 
the other hand, for all three elements it is possible to identify the different damage 
zones at 25°C. Finally, for the Sb at 25°C and 100°C and Ne at -150°C there is an 
abrupt transition from the sublinear regime to damage saturation (zone I and III only). 
Baranova et al observed that it is possible to introduce the same amount of damage 
(and apparently, the same refractive index change) using a low mass ion at low 
temperature (and also lower implant dose), rather than a heavy ion at higher 
temperatures.
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In 2002 de Dood et al [52] fabricated a-Si, strip waveguides (figure 1.31) by 
implanting Xe ions on a SOI substrate at a dose of 1x10^  ^ions/cm^ at liquid nitrogen 
temperature. The energies employed in this case varied in the 1 -4MeV range.
After the implantation process the samples were annealed at 500°C for one hour. The 
amorphous layer thickness was measured by Rutherford Backscattering 
Spectrometry (RBS), whereas the refractive index of the material was measured by 
ellipsometry measurements in the 300-1700nm wavelength range. According to the 
RBS measurements the amorphous layer had thickness of 0.6pm for IMeV implants 
and 2pm for 4MeV implants. The ion distribution peak was centred approximately in 
the middle of the amorphous layer with 0.08% concentration with respect to silicon 
atomic density. The annealed samples showed a reduction in defects and a sharper 
interface. Also, the author reported a velocity of the solid phase epitaxy during 
annealing of 0.083Â/S.
Figure 1.31. Implanted silicon rib waveguide by de Dood et al [52]
The author also reported that the amorphous silicon has an increase in refractive 
index of 0.3 with respect to crystalline silicon, with a maximum loss coefficient of 
43dB/mm at 1.5pm wavelength. Furthermore the index modification is the same for 
all samples, regardless of the implant energy and annealing time. The amorphous 
silicon layer was produced by implanting 2MeV Xe ions with a dose of 
IxlO^^ions/cm^ at 77K temperature. The SOI wafers had a buried oxide thickness of 
3pm and a silicon layer thickness of 1.5pm. The implantation process was followed 
by a 500°C annealing step, which ultimately led to a 1.2pm thick amorphous layer.
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The actual waveguides were fabricated after the ion implantation phase. The 
waveguide patterns were defined by e-beam lithography on HPR504 photoresist. The 
silicon was subsequently etched until the oxide was reached, resulting in a 1.5pm 
high strip waveguide.
The majority of the waveguide losses were attributed to absorption rather than 
scattering and coupling. By assuming a waveguide confinement factor of 60%, the 
final absorption coefficient was estimated to be 115cm'\ corresponding to a bulk loss 
of approximately 500dB/cm. Similar bulk optical losses have also been confirmed 
by a study from Wesch et al [53].
Many authors attempted to explain the cause of the refractive index change induced 
by ion implantation amorphization, although no univocal evidence has been 
identified so far.
Possible causes have been identified in the a modification in the electronic band 
structure [52], accumulation of structural defects [53]. Custer et al [54] suggested 
that amorphous silicon had a density approximately 1 .8 % lower than crystalline 
silicon, thus excluding a direct relation between the increase of refractive index and 
the densification of the material structure.
Zammit et al [55] suggested the amount of strain present in the amorphous silicon 
lattice as a result of the variation of the bond angles deriving from the presence of 
point defects. Later studies by Hubner et al [56] showed that a low temperature 
anneal cannot reverse the refractive index change completely, suggesting that point 
defect is probably only one of the contributing factors.
Similarly, Fredrickson et al [57] suggested that the increase in refractive index could 
be partially attributed to the presence of dangling bond defects introduced during ion 
implantation, as these have an increased polarizing ability.
Summary
The trend in using large micrometer size SOI waveguides started with authors such 
as Soref and Rickman seems to be converging into the use of sub-micrometer 
waveguide configurations these days. Smaller structures usually allow increasing the 
device efficiency, reducing the costs and satisfy the single mode condition. Although
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in some cases the waveguide size may be determined by the specific application, the 
modem trend is pushing device fabrication towards sub-micrometrical standards.
A variety of different Bragg gratings in SOI are present in the literature, as these 
devices appear as interesting candidates for integrated telecommunications 
applications. At the moment there is no standard fabrication route for integrated 
Bragg gratings. Some techniques guarantee higher repeatability and throughput, such 
as interference lithography, although this technique is sensitive to alignment errors 
and has limited flexibility. Electron beam lithography offers substantial freedom in 
terms of design customization, although it can be challenging in terms of process 
development, fabrication throughput, and cost.
Furthermore, device design is influenced by the final application. A coarse WDM 
system may demand devices with larger stop bands (and thus high coupling 
efficiency) and shorter lengths, whereas a dense WDM system may require a narrow 
stop band (and hence low coupling efficiency), which in turn would require long 
devices.
The concept of using ion implantation as a possible tool for optoelectronics 
applications appeared well before the age of silicon photonics. Authors reported 
studies involving a variety of ion species in order to test their effect on the optical 
properties of silicon, as well as on other optoelectronic materials such as LiNbOg. 
Currently there is no agreement on the exact cause of refractive index change in ion 
implanted silicon, although different studies highlighted several possible concurring 
causes which include changes in the material density, presence of implantation 
defects, alterations of the material band structure, distortion of the material lattice, 
and presence of dangling bonds.
Of all the works reviewed, perhaps the one from Baranova is the most interesting in 
this regard, as it shows how the refractive index change in implanted silicon is 
mostly related to the material amorphization and can be reversed by using low 
temperature annealing.
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CHAPTER 2: Theory 
Introduction
In this chapter we present the theory used to analyze waveguides and Bragg gratings. 
In the initial part of the chapter waveguide analysis by ray optics and Maxwell’s 
equations is introduced. The waveguide analysis is described by using coupled mode 
theory for the ideal and lossy case. The final section of the chapter is dedicated to a 
brief overview of ion implantation theory followed by a description of the 
amorphization mechanism in implanted silicon which is employed to create the 
periodic change in the refractive index necessary for grating fabrication.
2.1. Waveguide theory
2.1.1. Waveguide ray optics
Light propagation in a confined optical medium is based on the principle of total 
internal reflection and can be qualitatively described by using ray optics.
Let us suppose a light beam is reflected from a surface as in figure 2.1. The plane of 
incidence is defined as the plane containing the light beam before and after the 
reflection, as well as the normal to the surface. The polarized waves that are in the 
plane of incidence are referred as p polarized waves, whereas the plane waves which 
are perpendicular to the plane of incidence are referred to as s polarized waves.
S u rface  n o rm al
R eflec ted  light
P lan e o f  in c id e n c e
i 4>A  R efracted  light H
Figure 2.1. Schematic representation of light interacting with the interface of two different
optical media.
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The Fresnel reflection coefficient r is the ratio of the amplitude of the incident wave 
and the amplitude of the reflected wave for a single reflection interface. Fresnel 
coefficients for p  (TM) and s (TE) polarization components are given by [1]
^P _  n 2 c o s0 i-n ic o 5 0 2  
n2co50i+nicos02
_ n iC 0S (p i-n 2C 0S (f)2  
17 — 1 " tZ.Z;
niC O S0i+7l2C O S02
optical confinement in dielectric waveguides is based on the total internal reflection 
(TIR) phenomenon. The refraction of light at interfaces can be intuitively described 
by referring to Snell’s law.
sirKpiUi = 5in02îi2 (2.3)
When a light beam is confined in a medium of refractive index rii surrounded by a 
lower index material nz, it will be reflected at the interfaces because of the index 
difference. By substituting (2.3) inside the reflection coefficients expressions (2.1) 
and (2 .2 ) we obtain
n2-n\sin^0i
< 2  = --------------I (2.4)
n | cosfpi+Jn2-nfsin^9i
7iiCos<^i- n^-n^siri^O-i
r(2 = ------------ I (2.5)
Light is totally confined in the higher refractive index medium when 0 2  =  90°, in 
other words, when the reflection coefficients assume value 1. This condition takes 
the name of total internal reflection (TIR) and is satisfied for the critical angle
0 c >  arcsin  (2 .6 )
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The ray optics approximation can be useful to have a general understanding of light 
propagation in confined optical media. On the other hand, the investigation of 
integrated waveguide structures requires taking into consideration the 
electromagnetic nature of the problem. This can be done by using Maxwell’s 
equations, introduced in the next section.
2.1.2. MaxwelEs Equations
Maxwell’s equations are a complete set of tools that allow investigating virtually any 
medium that comes in contact with electromagnetic waves. On the other hand, a 
rigorous solution is often very complex and mathematically cumbersome, especially 
for resonating structures such as Bragg gratings. There are, however, several useful 
approximations that allow calculating solutions of Maxwell’s equations that would 
suit the majority of the needs of integrated photonics device modelling.
An electromagnetic field propagating in free space is classically described by its 
electric field vector E and its magnetic field vector H. In order to account for its 
interactions with matter two additional vectors known as the electric displacement 
vector D and the magnetic induction vector B. These four vectors are related by 
Maxwell’s equations as
V x £  +  ^  =  0 (2.7)
V -D  = p  (2.9)
V • B =  0 (2.10)
Where J  is the electric current density vector and is measured in A/m^, and p is the 
electric charge density and is measured in C/m^. These four equations are the laws of 
magnetism and electricity in their differential form. Equation (2.7) corresponds to
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Faraday’s law, which states the creation of an induced electric field due to a variation 
in the magnetic flux. Equation (2.8) corresponds to the generalized Ampere’s law, 
which in turn describes the creation of magnetic field as a result of charge flow. 
Equation (2.9) corresponds to Coloumb’s law, which relates electric field distribution 
to charge distribution. Equation (2.10) can be regarded as a statement of the absence 
of free magnetic monopoles (the magnetic equivalent to a free electric charge).
Charge density p and current density J  are the sources of electromagnetic radiation.
In many optics problems it is assumed that the analysed medium is sufficiently far
from any electromagnetic source so that p and J  can be considered zero. As already 
mentioned. Maxwell’s equations must be supported by equations describing the 
interaction of electromagnetic radiation with the medium. These are known as 
constitutive equations and respectively relate the vectors E and D, and B and H, as
D = eE = £qE + P (2.11)
B = pH = PqH + M  (2.12)
where s and p are, in the most general case, tensors of rank 2  and are known 
respectively as permittivity tensor s, and permeability tensor p. P and M are 
respectively the electric polarization vector and the magnetic polarization vector. If 
the medium is isotropic, the tensors will reduce to scalars.
In optics the electromagnetic radiation considered is generally in the form of steady-
state, sinusoidal, time-varying field. It is thus more convenient to represent each field
vector as a complex function. As an example let us consider the generic field vector
A(t) =  \A\cos(o)t -h 0 ) (2.13)
where ® is the angular frequency and (j) the phase. We define the complex amplitude 
as
A = (2.14)
thus (2.13) can be rewritten as
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i 4 ( t )  =  Re[Ae^^^]
We now analyse how to describe the behaviour of monochromatic plane waves by 
Maxwell’s equations.
By using the constitutive relation (2.12) in equation (2.7) and applying the curl 
operator we obtain
V x p V x £ ' ) + ^ V x B  =  0 (2.15)
by differentiating equation (2.9) and substituting in (2.15) we obtain
V x ( i V x B )  +  £ 0  =  O (2.16)
By employing the vector identities
V X ( i v  X =  i v  X (V X £ )  +  ( v i )  X (V X £ )  (2.17)
and
V X (V X £ )  =  V(V ■ £■) -  V^£ (2.18)
Equation (2.16) becomes
V^E  -  +  (Vlogp) X (V X £■) -  V(V • E) = 0 (2.19)
By substituting for D from equation (2.11) in equation (2.9) and applying the vector 
identity
V • (g f )  =  gV • E  +  £■ • Vg (2.20)
we obtain from (2.19)
V^£ -  H e 0  +  (Vlog g) X (V X £ )  -  V(£ • log  e) = 0 (2.21)
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This is the wave equation for the field vector E. The wave equation for the vector H 
can be obtained in a similar way, yielding
^  +  (V log £) X (V X / / )  -  V(H • log p ) = 0 (2.22)
By assuming the propagation medium homogeneous and isotropic the gradients and 
logarithm of 8  and p reduce to zero. Therefore equations (2.21) and (2.22) become
V ^ H - \ i £ ^ = 0  (2.24)
The equations (2.23) and (2.24) are satisfied by (but not only) the plane wave 
equation
xp = gKwt-kr) (2.25)
Where ip can be any component of E or H. The magnitude and the angular frequency 
0 ) of the wave vector k  are related by the equation
Ifc| =  (Oyfps (2.26)
In free space IA:I can be expressed as ko=2nl'k, with X as the radiation wavelength, k  is 
related to ko by the refractive index of the optical medium, as k=nko 
The electric and magnetic field propagating in the optical medium can therefore be 
expressed as
E = (2.27)
H  = (2.28)
the term kz describes the position of the wavefront over the distance z, whereas the 
term cot describes the wave variation over time.
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Waveguide propagation can be solved by considering a special case of Maxwell’s 
equation, specifically, only transverse electric (TE) and transverse magnetic (TM) 
waves. The TE solutions are characterized by E=E;c, Ey=E^=0, and H;c=0, whereas the 
TM solution is characterized by H = H x ,  H y = H z = 0 ,  and Ex=0. The TE and TM fields 
can be described by simplified planar wave expressions
H =
(2.29)
(2.30)
where p  takes the name of propagation constant in the z direction. By substituting 
equations (2.29) and (2.30) in (2.23) and (2.24) a finite number of solutions can be 
found for p, which depend on waveguide geometry. Each value of P corresponds to a 
specific electromagnetic distribution in the waveguide which takes the name of 
optical mode.
The derivation of the plane wave equation can be now revisited with ray optics in 
order to better understand why the confined optical modes form a finite set.
Let us assume that a mode propagating in a waveguide can be described by 
considering multiple reflections of the wavevector k on the core-cladding interface as 
in figure 2 .2 .
y
z
h
Figure 2.2. Schematic representation of total internal reflection in a slab waveguide, and
decomposition of the wavevector.
A planar wave propagating in a slab waveguide must satisfy a self consistency 
condition [2 ], meaning that the confined mode has to repeat itself with a consistent
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phase every two reflections. This conditions can be mathematically described as 
A0  =  2mn, where A0  is the phase shift accumulated every two reflections and m is 
an integer. For the waveguide fundamental mode m=0. In the y direction we will 
have
A 0 f c  =  2kyh — 2(j)r = 2koriihcos6i — 20 -^ (2.31)
where 2 0 .^ is the phase change introduced by each reflection at the upper and lower 
waveguide interface. For TE light the phase change is given by [1]
(pr,TE = 2 tan  ^ coTe^' ^' ' ( 2  32)
The self consistency equation (2.31) therefore becomes
koTiihcosdi — 2tan  ——  = m n  (2.33)
For TM polarization the phase change at waveguide interfaces is given by
(pr,TM =  2tan-^  — - —  (2.34)
[— )c o s6 i
and the self consistency equation in this case is
J (^ )  sin^0i~l
koTLihcosOi — 2tan  (2.35)
{— Jcosdi
To enable mode propagation, total internal reflection has to be satisfied, meaning that 
the angle 6i has to be equal or greater than 6c. The maximum number of modes 
available in a slab waveguide is therefore
(2.36)
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This expression can be used as starting point to determine single mode condition in a 
slab waveguide, in other words, the choice of waveguide dimensions greatly affects 
propagation conditions, as previously described in the literature review chapter.
2.2. Coupled mode theory for Bragg gratings
Bragg reflection takes place in optical media which present a periodic refractive 
index change along the direction of the propagating light (figure 2.3). The partial 
reflection taking place at each interface between different optical materials can result 
in complete reflection of certain propagating wavelengths satisfying the condition 
known as phase matching.
Output wavelengths
Reflected wavelengths
Input wavelengths
n
Figure 2.3. Schematic representation of light reflection in a Bragg grating
Due to the nature of Bragg reflection, integrated waveguide Bragg gratings can be 
used as wavelength selective integrated mirrors or optical filters.
The behaviour of electromagnetic radiation in optical periodic media can be 
investigated by different methods, depending on the specific grating structure. 
Popular approaches are Floquet-Bloch’s wave formalism (FBT), Coupled Mode 
theory (GMT), Finite domain time difference technique (FDTD), Transfer Matrix 
Method (TMM). While FBT, GMT, and TMM, are especially suited for longer 
structures containing small refractive index differences, FDTD methods can be used 
for short structures with high index contrast.
The choice of the method depends on the medium characteristics, as well as from the 
degree of approximation desired in the analysis. In this work, due to the potentially
55
Erasable Bragg gratings in SOI_____________________________ Chapter 2: Theory
long device lengths and to the low refractive index contrast between the grating 
sections, an approach based on coupled mode theory is preferred.
In the next sections the principles of operation of Bragg gratings will be analyzed in 
more detail by coupled mode theory, following Yariv’s derivation [3].
2.2.1. Lossless gratings
A periodic variation in the dielectric permittivity s (x ,y ,z )  can be considered as a 
perturbation that allows interaction between the normal modes that would propagate 
in the equivalent unperturbed structure with dielectric permittivity £o(^>y) • The 
dielectric tensor of the structure can be written as a function of space with period A 
as
s(x, y, z) = £o (x, y) + A £(x, y, z) (2.37)
where €o(x,y) is the unperturbed waveguide tensor and Ae{x,y,z) is the periodic tensor 
change in the z direction. It is assumed that the normal modes propagating in the 
unperturbed structure described by the dielectric tensor £o{x,y) are known and can 
therefore be expressed as
(2.38)
where m identifies each normal mode from the others.
These mode satisfy the identity
^  y ) =  0 (2.39)
Equation (2.39) is effectively an approximation of the wave equation (2.23) where it 
is assumed that V • E = 0. If an arbitrary field is excited at z = 0 with frequency ©, 
the propagation of the field inside the unperturbed medium can always be expressed 
as a linear combination of normal modes
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£  = (2.40)
where Am is a weight constant. This expansion is possible because the normal modes 
always form a complete basis set. The mode total power is often normalized to 1 in 
the z direction, thus the orthogonality of the modes can be expressed as
lS ( .E iX H i ) ,d x d y  = 5ii, (2.41)
Where Hk is the magnetic field associated with the mode Ek. If the condition V • E = 
0 is satisfied, the orthogonality condition for equation (2.39) becomes
jE k ( x ,y )  • d xd y  =  (2.42)
where Ôi  ^ is the Kronecker delta for confined modes, and the Dirac delta for leaky or 
radiating modes. Under these assumptions if a single mode is excited in the structure 
at z = 0  it will propagate through the unperturbed medium without varying its 
properties.
We now consider the propagation of an unperturbed mode (2.38), which we identify 
as El, in the periodic medium described by the periodic dielectric tensor (2.39). The 
dielectric perturbation induces a change in the mode polarization
AP = Es{x,y,z)E^{x,y')e^^^^~^^^^ (2.43)
The change in polarization is responsible for transferring (or receiving) energy to 
another mode E2 . We say that the dielectric perturbation A £(x,y ,z) is responsible 
for the coupling of energy between mode Ei and E2 .
In order to identify which conditions allow the energy exchange and its entity we 
assume that in the perturbed region the electrical field can be expressed by a linear 
combination of normal mode whose coefficients now depend on the z direction, as 
A £ (x ,y ,z)  ^  0, thus
E =  Em 4 ^  (%, y) g (2.44)
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By substituting (2.44) in the wave equation (2.23) we obtain
{V^  + o)^p[£o(x, y) + Ae(x, y, z)]]E = 0 (2.45)
By using the approximated equation (2.39) we obtain
Ek [ ^ ^ k  -  Ez A g ( % , y , (%,
(2.46)
Assuming that there is a small refractive index change between the sections of the 
grating, the variation in the electromagnetic field will be small enough to allow the 
assumption
(2.47)
Neglecting the second order derivative allows to rewrite equation (2.46) as
-2 iE k ^k ^^k ^ k (% ,y )e" '^ ''^  = -  o)^fiI.ià£Çx,y,z)AiEi(x,y)E-^^i^ (2.48)
By calculating the scalar product of equation (2.48) with the field £’J (x ,y )  we can 
substitute in equation (2.41), and by integrating over x and y we obtain
(2.49)
where
{k\k) = J E l(x ,y )  • E k (x ,y )d xd y  = ^  (2.50)
and
{k\à£\l) = f  E lix^y ) • A £(x ,y ,z) •E i(x ,y )d x ,d y  (2.51)
by expanding the dielectric perturbation in its Fourier series in the z direction
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. 2 n
A s(x ,y ,z)  = 'Zm^o^m(.x,y)e (2.52)
This expansion is on all the terms except 0, as the 0* term represents the unperturbed 
part of the dielectric tensor.
Substituting in equations (2.52) in (2.50) leads to
(2.53)
where defines the coupling coefficient between the and the f  optical mode 
=  f  (^km lO  =  7 / E ^(x ,y )  • £ m (x ,y )E iix ,y )d x d y  (2.54)
The coupling coefficients describe the coupling between the and modes 
induced by the Fourier component of the dielectric perturbation.
The expression (2.53) represents a set of linear differential equations linked by the 
coupling coefficients. This set can theoretically include an infinite number of 
equations, one for each mode propagating in the structure. In practice, near the 
resonant condition of the Bragg grating it is sufficient to consider only two strongly 
coupled modes. The resonation condition is given by
P k - P i - m ^ = 0  (2.55)
This condition is also known as longitudinal phase matching (or simply phase 
matching). The phase matching condition can be explained by considering that an 
increment in the field amplitude of the mode, dAk, due to the mode coupling with 
the mode in a region between z and z+dz due to the component of the Fourier 
transform of the dielectric tensor is given by
dA^  =  (2.56)
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As (2.56) is a slowly varying function it can be integrated along z on a distance much 
larger than A. This allows obtaining an expression for the total increment of the field 
amplitude of the mode with the mode, AAk, over the generic distance L via the 
component of the dielectric perturbation
(2.57)
Equation (2.57) tells that the integral in non zero only if the phase matching 
condition is satisfied.
Equation (2.55) is also known as Bragg condition. In the particular case where the 
incident wave is a plane wave with propagation factor that strongly
couples with a reflected wave with propagation factor corresponding to
plane waves having the component of the wave vector (3 perpendicular to the Bragg 
grating plane, the phase matching condition (2.55) reduces to
2p = m ^  (2.58)
since p  =  kcosB
2Acos6 =  771/1 (2.59)
where 0  is the angle of incidence of the light onto the grating with respect to the z 
axis.
Let us now examine more in detail a case in which only two modes are interested in
the wave coupling. By neglecting the interactions with other modes in (2.53) we
obtain two coupled mode equations that describe the interaction between only two 
modes
(2.60)
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w h e r e ~  &  are the coupling coefficients that
describe the energy exchange between the modes. When dealing with an 
electromagnetic radiation in form of plane waves in the unperturbed region of the 
optical medium, if the dielectric tensor Ae{x , y, z) is only a function of z, the Fourier 
coefficients Sm of its transform will be constants. In this case the coupling 
coefficients are
wherepk andpi are unit polarization vectors in the direction of the plane waves.
The coupled equations described in (2.60) allow distinguishing two more cases in the 
coupled mode theory. In the first case, the two modes propagating in the structure 
have the same direction, and the case takes the name of codirectional coupling. In the 
second case the two modes propagate in opposite directions, taking the name of 
contradirectional coupling. Contradirectional coupling is the most relevant to the 
study of Bragg gratings. We will now therefore discuss the contradirectional variant 
of the coupled mode theory.
If the travelling modes are propagating in opposite directions the factors, jg^and 
in the coupled equations (2.60) will be opposite in sign. The coupled mode equations 
will become
— =  —iKA2e^^^^ 
az
(2.62)
^ A 2  =  dz
where k  is the coupling constant (as in (2.54)) specified for the two modes 
travelling inside the periodic medium. The conservation of energy for the power 
flowing inside the periodic medium requires that
(2.63)
61
Erasable Bragg gratings in SOI_____________________________ Chapter 2: Theory
The boundary condition associated with contradirectional coupling are A]=A(0) at z 
= 0 and A 2= A 2(L) at z  = L. By imposing the boundary condition to (2.62) the 
general solution of coupled mode equation can be expressed as
s cosh(s(L  -  z)) +  I s in h (s(t -  z))
 ^ ’  - A i ( 0 )
s coshÇsL) +  I ( 2 )  sinh(sL) 
-i/ce V 2 ; sinh (sz)  ^ ^
"1 7Kb \
s coshisL) + i ( sinh(gT)
(2.64)
Aziz) = e
ifc*sinh (s(L -  z))
z4i(0)
s coshisL) + i sinh(5L)
.M/?\ s coshisz) + i sinh(sz)
+---------- --------------------7 ^ ------------ ^ 2  W
s cosh(sL) + i ( 2 ) sinh(sL)
where the parameter s is defined as
s =  K*K -  (2.65)
We now discuss the case of a Bragg grating with a rectangular dielectric constant
perturbation. We assume that the dielectric constant is a function of the z direction
only
( EnTL^  0 Z  — A
£(z) =  ] 2 with . (2 .6 6 )
U o^i <  z <  A
and g(z) = g(z + A) . According to equation (2.38), the dielectric constant can be 
decomposed in
£(z) =  ;  Eo(nl +  n |)  +  ^ Eq(n | -  n ^ ) / (z )  (2.67)
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where f(z) describes the shape of the perturbation, which is assumed rectangular in 
this case.
/ W  =  with ^
0 <  z <  -A
A < z <  A
(2 .68)
whose Fourier series is
/(z) = (2.69)
The normal modes in the unperturbed region are plane wayes that can be expressed 
in the form where the waye number k is giyen by
(2.70)
where n  is the ayerage index of the medium. The normal modes can be diyided in TE 
or TM modes. Since the dielectric constants in both unperturbed and perturbed case 
are scalar quantities, power exchange between different polarizations is not possible.
Figure 2.4. Schematic representation of the Bragg refection for off axis light
If ^ is the angle between the waye yector k  and the axis of propagation z, and is 
the waye yector of the reflected mode (as in figure 2.4), the phase mismatch 
condition is giyen by
Ap =  2kcos9 — m  = 2 cos6 — (2.71)
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where A is the grating period and k, is the waye number giyen by (2.70). 
Starting from (2.54), the coupling efficiency of the grating ean be rewritten as
_  ftp z^ratin^ (mitPe)An^E^(tody
^ ^ e f f  fÇ E ^ d x d y
where Dc is the grating duty cycle and An is the refraetiye index perturbation in the 
wayeguide.
Equation (2.72) represents an expression of the coupling coefficient as a function of 
the modal oyerlap between the perturbation region, expressed by the term 
ffgrating (jmiDc)Au^E^dxdy and the total power in the wayeguide cross section
J/J° E^dxdy, for an optical mode with effectiye index
Figure 2.5 shows an example calculation of the modal profile in a single grating 
section with two different duty cycles for TE and TM polarization.
It is possible to notice that for deep gratings with larger duty cycles the optical mode 
is pushed in towards the grating region closer to the wayeguide surface.
This is due to the fact that the optical mode interacts with increasingly larger section 
of higher refraetiye index material, in which the optical power concentrates. This is 
equiyalent to an increase in the effectiye index of the mode, and therefore in a 
modification of the yalue of k  with the grating duty cycle is more eyident for higher 
grating depths.
According to (2.71), there is no Bragg reflection for eyen orders, as k: =  0 for 
m=2,4,6... These cases correspond to a Bragg grating with layers thickness equal to 
an integral multiple of wayelengths, and are therefore associated with zero reflection.
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TE - 50%DC TM - 50%DC
TE - 80%DC TM - 80%DC
Figure 2.5. Example of calculated modal profiles in grating cross section with H=1.3pm, 
h=0.7pm for different grating duty cycles, showing the influence of modal shift.
In order to obtain a suitable expression for the Bragg grating reflectiyity from the 
coupled equation described in (2.62), we impose the boundary conditions A](0)=] 
and A 2(L) = 0  for a beam of light that is incident at z = 0  and is completely reflected 
back by the grating. According to the coupled mode equations solution described in
(2.64), these conditions lead to
cos/i(s(L -  z)) + I sinh(s(L -  z))
s cosh{sV) + i sinh(5 L)
—iK*sinh (s(L — z))
cosh(sL) + i sinh(sL)
(2.73)
where j  is giyen by (2.65) and Ap is giyen by (2.71). The reflectiyity of a Bragg 
grating is thereby defined as
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which becomes
R =
R = ^ 2 (0 )
^l(O)
7C*Ksinh^(5L)
cosh2(5L)+(^^jsinh2(sL)
(2.74)
(2.75)
For Ap = 0 light is entirely coupled in the backward travelling mode, meaning that 
maximum reflectivity is
Rmax = tanh^C/cL) (2.76)
Figure 2.6 shows the typical Bragg grating response as a function of the phase 
matching parameter.
0.6
-40 -30 -20 -10
APL
Figure 2.6. Ideal grating response calculated as a function of the product ApL (k=50 cm \
L=500pm).
The spectrum of a Bragg grating generally appears as a sharper stopband surrounded 
by smaller sidelobes. By considering that the grating response has zero value at the 
points sL = iqn , with q= 1,2,3... the position of the sidelobes peaks can be
approximately found by imposing the condition sL = i(p  + with p=l,2,3... in
the equation (2.75). The sidelobes reflectivity (Rsi) can therefore be expressed as
6 6
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Rsl =  f    (2.77)
(p+ -j 7t2 + |kL| 2
The bandwidth of a uniform Bragg grating, considered as the width between the first 
zeros on either side of the central Bragg wavelength can be approximated as [3]
AT = 4 |k | (2.78)
where k is the grating efficiency.
2.2.2. Gratings with losses
In the previous section the dielectric constant As(x,y,z) of the propagating medium 
has been assumed real, this means that aspects such as absorption or gain from the 
grating have been so far neglected. In the most general case the tensor A6(x,y,z) is a 
complex quantity . In order to introduce absorption losses in the model we will have 
to consider that the implanted area is characterized by a bulk dielectric constant 
Sr+iSi with a negative imaginary part (£/<0). The new propagation constant for a
plane wave in the lossy medium will be given by
k"  = cû^fi(£r +  £i) = ( l  + (2.79)
where k is the real part of the coupling constant
k^ = (2.80)
If Si! g r « l  (a condition verified in most of the practical cases), we can rewrite 
complex propagation constant as
fc" = fe (l +  i ^ )  (2.81)
By substituting k ” into a generic plane wave form as (2.25) we obtain
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Xf, =  j igK oxt-k"z-)  =  ( 2.82)
Thus, the intensity of the wave decreases according to the well known equation
/(z ) =  (2.83)
where
a  =  —  (2.84)£r
where Si < 0 .
The dielectric tensor can be therefore be rewritten
s(x, y, z)  =  £q(x , y, z) +  Ag(%, y, z)  +  iy(x, y, z) (2.85)
where 8o(x,y,z) is the unperturbed part of the dielectric tensor, A e(x ,y ,z)  is the
real part, andy(%, y, z) is an optical loss part. By replacing the term Ae+iy in the
coupled mode equation we obtain
^i4fc(z) -
(2 .86)
The integral {k\A£\m) is defined as
{k\A£\m) = f  E l '  yE idxdy  (2.87)
We assume that the loss factor depends only on % and y in each grating section, so 
y (x ,y ,z )  becomes y (x ,y ) . By using equation (2.19) the coupled mode equation can 
be written as
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where aj  ^ is the loss coefficient for the mode and is given by
K  {x,y) • y{x,y)E j^(x,y)dxdy  (2.89)
Let us now consider only two strongly coupled modes from equation (2.69). This 
again leads to a set of two coupled modes equations
— i4i = -iKÂ2e^^^^ + ^ a A i
(2.90)
^ A 2  = -  \a A 2dz  ^  ^ 2  ^
where k  is the coupling constant as in (2.71), A-^  and A 2 are the coupled modes 
amplitudes, Ap is given by (2.72). The solution of this set of coupled mode equation 
can be derived in a way analogous to that described in the previous section, by 
substituting Ap with Ap+m
s cosh{s{L -  z)) + ti(A)g + id) sinh(g(I — z))
1
s cosh(sL) + 12  (A)^  +  ia) sinh(5 L)
-tK*sinh (s(L -  z)) |
(2.91)
5 coshÇsL) +  t^ (A ^  + la) sinh(5L)J
Where s now includes a loss factor
s =  J k*k -  [i (Afi +  ia)j (2.92)
The reflectivity for the lossy case (Rl) can be therefore defined as
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R i  =
^2(0) K*K s in h ^  (sL )
cosh2(sL )~(A (3+ia)2sinh2(sL )
(2.93)
Figure 2.7 shows the calculated grating with losses with a loss factor y=10, the lossy 
response is shown along the ideal response previously displayed in figure 2.6.
— lo ss le s s  resp o n se  
— lo ssy  resp o n se0.9
^  0.8 
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Figure 2.7. Ideal grating response calculated as a function of the product ApL (k=50 cm ,
L=500pm, 7=10).
The presence of optical losses in a Bragg grating is related to a decrease in the 
grating efficiency, although it does not affect other spectral features of the frequency 
response, such as location of the spectral minima.
2.3. Ion beam implantation
Modelling of the ion implantation process is a fundamental step in this work, as this 
allows identification of suitable conditions for the fabrication of ion implanted 
gratings. In the following sections we briefly introduce the relevant collision theory 
that describes the interaction of implanted ions in solid. We also review the 
mechanisms of implantation induced amorphization in silicon and the different 
amorphization models existing in literature.
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2.3.1. The Binary collision approximation (EGA)
When an ion penetrates into a target it loses energy because of the interaction with 
the target material. In classical scattering theory [4] the loss of energy with the target 
atoms is related to two separate sources, namely the elastic collision with the target 
material nuclei, and the inelastic interaction with the target electrons. The binary 
collision approximation is based on the assumption that the collisions generally take 
place at a distance much smaller than to the interatomic distance in the target lattice, 
making a three (or more) bodies collision interaction probability very small. 
Electronic interaction is a source of energy loss, but does not influence the overall 
shape of the damage distribution, since electronic interaction involve energy 
exchanges which are considerably smaller than the exchange of kinetic energy 
between nuclei. Thus an incident ion is deflected by the target lattice nuclei while 
continuously losing energy because of the electronic interactions.
The distribution of the implanted ions depends on several parameters, such as the 
atomic mass of the ion itself {Mi), the atomic mass of the target (M2 ), the ion energy 
and the beam direction with respect to the crystal planes of the target. Figure 2.8 
schematically shows how interaction of the ion with the target material alters its 
trajectory.
Target surface ,
Incident Ion
Target depth x
Figure 2.8. Schematic Representation of an ion impacting the surface of a sample
The distance along the axis of incidence Rp is called the projected range, the distance 
of the ion path in the direction perpendicular to the axis of incidence is called 
perpendicular range R±.
The number of collisions experienced by an ion per unit length and the energy lost in 
the collisions are random variables. For this reason the final distribution of a group of 
ions impacting on a target material with the same initial energy and direction can
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only be described by a range distribution function. R and Rp are therefore mean 
values of the distribution, and the standard deviation of the projected range is ARp_ 
The perpendicular localization of the distribution has zero mean value and 
perpendicular straggle AR_l .
The shape of the implantation distribution can be described as a modified Gaussian 
profile. The distribution is characterized by two moments, the projected range Rp and 
the projected range straggle ARp. Given the implanted dose cp, the implanted profile is
C W  =  - ^ e \ypZÎÎRp (2.94)
where % is the direction perpendicular to the target surface.
The symmetrical Gaussian profile is not always an acceptable approximation for the 
ion distribution, as the experimental data in literature shows that implanted ion 
profiles are often not symmetrical and can exhibit substantial skewness. In order to 
better describe an implanted ion profiles four moments can be defined for the 
distribution:
Average projected range
(2.95)
Standard deviation (or range straggling)
^Rp =  E T C x  -  Rp)^f( .x)dx (2.96)
Skewness
(2.97)
Kurtosis
_ C ^{x-R p)^f{x)dx
(2.98)
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Where the probability function f(x) satisfies the normalization condition 
f i x )  dx  =  1. The actual distribution is given by f(x) (p. The first moment Rp 
describes the average ion penetration, but does not influence the ion distribution 
shape. The standard deviation ARp measures the width of the modified Gaussian 
distribution. The skewness y tells how much the distribution is tilted away from the 
centre. The kurtosis Ç tells how pointed the distribution is towards the peak.
The shape of the distribution is greatly influenced by the ion mass. The lateral spread 
of the ion distribution is one of the major limitations of the ion implantation 
techniques for the electronics industry, as the final shape of the implanted profile 
limits the integration density of electronic devices on the die area and increase 
parasitic capacitance of the circuits.
2.3.2. Radiation damage into silicon
When ions impact they interact inelastically with the electrons of the material and 
elastically with the target nuclei. During an elastic collision between the incident ion 
and the target nucleus a certain amount of energy £" is transferred to the target. If the 
kinetic energy is higher than the threshold displacement energy Ed (15keV for 
silicon), the knocked atom can leave its lattice site and move for a path length which 
depends on the residual energy E ’- Ed.
If an atom is permanently displaced, a point defect is introduced inside the target 
lattice. Point defects are mainly classified as vacancies and interstitials. Figure 2.9 
schematically shows different types of point defects. If an atom is knocked off its site 
in the crystal lattice and no other atom takes its place a vacancy is formed. An 
interstitial is formed when an atom (either implanted or from the target lattice) 
occupies a position which is not a conventional lattice site. A substitutional defect is 
formed when an implanted ion takes the place of one of the atoms in the target lattice. 
Ion damage caused by ion implantation tends to accumulate towards the end of the 
ion distribution, where most of the recoil and collision cascades end their trajectory. 
This defect rich area is known as end of range (EGR) damage.
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Foreign interstitial
Self interstitial
Vacancy
Substitutional D opant/Im purity
Figure 2.9. Different types of point defects caused to ion implantation
Depending on the implantation conditions, high levels of damage in the implanted 
target can be associated with a transition of the implanted material in an amorphous 
state.
Different models have been proposed in the literature in order to interpret the 
amorphization dynamics of ion implanted silicon, however no single model has 
proven to be general enough to encompass the different experimental studies 
presented. The main types of amorphization models include the critical energy/defect 
density model, overlap damage model, nucléation limited model, and defect-based 
models.
Critical energy/defect density model: When modelling ion implantation processes, 
the distribution of the deposited energy can be converted into a damage distribution 
assuming that only the atoms receiving an energy larger than Ed are displaced, 
whereas energy exchanges of value < Ed will only originate lattice vibrations or the 
excitation of phonons.
The density of displaced atoms per ion can be estimated from the modified Kinchin- 
Pease expression [5]
_  0.8v{E,x)
2Ed
(2.99)
where v(E,x) represents the energy density deposited during the ion implantation, and
0.8 is an experimental correction factor [6].
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The total number of displacements is thus given by
=  (2.100) 
^ 2Ed
The number of displacements per atoms (DPA) versus the depth in the target can be 
related to the target density and the implanted dose cp by
The scientific literature regarding ion implantation [7] suggests that irradiated silicon 
becomes amorphous when the number of atoms knocked off site from the implanted 
ions reaches 10% of the silicon density (5x10^^ ions/cm^) [8]. The amount of lattice 
disorder required for amorphous silicon formation increases if additional annealing 
effects [9] are taken into account, such as higher temperature implants and lower 
implantation doses.
Damage overlap model: The target atoms originally displaced by ion implantation 
take the name of primary collisions recoil, and they can displace other lattice atoms 
giving rise to a higher generation of collisions. These events take the name of a 
collision cascade, and generally happen on a timescale of 10'^  ^seconds [10].
The collision cascade is followed by a redistribution of energy in both the lattice 
nuclei and the electrons, this phase can last from 10'^  ^ to 10'^ ® seconds. In the 
following 10"^  seconds the unstable disorder reverts back to the crystalline structure 
and is partially repaired by local diffusion processes [11]. If the amount of disorder 
accumulated in the lattice is sufficiently high and the target temperature is kept low, 
the implantation defects can cluster in complex defects, as schematically shown in 
figure 2.10. The size of the collision cascades depend on the implantation parameters, 
most notably the ion mass, energy, temperature, and dose.
The type of complex defects that can form during ion implantation is extremely 
varied, due to the different possible combinations between vacancies and interstitials.
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For light ions, such as B in Si the free path between collisions is larger than the 
interatomic distance. In these cases the damage distribution is often diluted in the 
target and the implantation damage tends to self anneal at room temperature implants.
(a) (b) (c)
Figure 2.10: Different defects regime for ion implantation (a) heavy lattice disorder (b) isolated 
amorphous zones (c) complete amorphous layer
On the other hand, heavy ions can have extended mean free path and produce dense 
collision cascades. The final damage profile is produced by considering the 
combined effect of all the collision cascades. Low doses (10'^^ ions/cm^) create 
individual isolated damage region which are unlikely to overlap. In the intermediate 
case, if the defect accumulation it is not sufficient to create amorphization, the 
implanted area will be characterized by a vacancy rich area surrounded by an 
interstitial rich zone. If the density of the cascades becomes large enough, the 
assumption of isolated binary collisions is broken and several atoms can be set 
simultaneously in motion sharing a high kinetic energy. At higher doses (>10^ "^  
ions/cm^) cascade overlap becomes frequent, under these circumstances, a “hot” area 
affected by repeated collision cascades can undergo a phase transformation to 
amorphous silicon.
The number n of overlapping cascades required to produce an amorphous zone of 
area Aa was derived by Gibbons [12] as
(2 -102)
Where Aq is the total area being implanted, A, the area damage produced by a single 
ion in its track, and 0  the ion dose.
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Nucléation limited model: This type of amorphization model assumes that silicon 
amorphization preferentially takes places only in sites that contain pre-existing 
amorphous defects, produced by a previous implantation stage, or amorphous to 
crystalline interfaces.
Campisano et al [13] suggested that the nucléation limited amorphization could be 
described by the following phase transformation equation [14]
F = 1 -  (2.103)
where F  is the existing amorphous fraction, ^  is the ion fluence, n is a correction 
factor dependent on the calculation domain, and K  is given by
^  =  W  (2.104)
With Ra takes the name of nucléation rate, and Va is the growth velocity of the 
amorphous phase.
Defect-based models: Defect based models describe amorphization and
recrystallization of ion implanted silicon by identifying specific classes of defects 
(vacancies and di-vacancies complexes, self interstitial clusters) that contribute to the 
material transformation by defect migration into the material [15], or by the breaking 
of bonds and rearrangement [16] of the silicon lattice (dangling bonds, or extended 
defect interfaces such as kinks and terraces).
2.3.3. Implanted damage annealing
Annealing in electronics processing is traditionally used to activate dopants (promote 
implanted dopants from interstitials to substitutional sites) and remove unwanted 
damage. Annealing can enhance recombination of points defects and revert the 
silicon amorphous phase to crystalline. In these cases the amorphous/crystal interface 
is the “seed” for the regrowth.
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Point defects such as single interstitial and vacancies can diffuse at temperatures 
lower than room temperature [17]. Di-interstitials and di-vacancies anneal in a 
temperature range between 150°C [18] and 250°C [19].
Discrete amorphous regions with size on the order of nanometres, either produced by 
heavy ions or low temperature implants can regrow at temperatures below 400°C [20] 
A continuous amorphous layer formed by ion implantation can be annealed at 
temperatures above 550°C [21]. At this temperature the amorphous to crystalline 
interface will shift with a speed that depends on annealing temperature, substrate 
orientation, and doping.
This process is known as Solid Phase Epitaxial Growth (SPEG) and its regrowth 
velocity Vg can be calculated by the following experimental expression
Vg = VQeykTj  (2.105)
where vq is an experimental constant with value vo=3.68xl0^cm/s, and Ea is the 
process activation energy with value Ea=2.16€W. At 550°C the interface growth 
velocity is 0.12nm/s.
The regrowth of an amorphous silicon layer is generally accompanied by the 
formation of secondary implantation defects, deriving from the interaction of the 
residual implantation damage that cannot be annihilated at the sample surface.
Large numbers of point defects are mobile enough to aggregate in complex defects 
throughout the entire damage distribution during the annealing treatment.
The end of range damage accumulated during ion implantation tends to evolve in 
stable defect clusters according to the width of the initial damage distribution. The 
most common forms in which damage evolves are <113> rod-like defects [22] at 
intermediate temperatures (around 600°C), that further coalesce into dislocation 
loops at higher temperatures (800°C) [23], as shown in figure 2.11.
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750 "C 850 °C  900 "C 1000 "C F D L ’s P D L ’s
A
Clusters
Figure 2.11. TEM imaging of different type of complex defects depending on annealing
temperatures and times [24]
The same evolution can be observed in terms of isothermal annealing at high 
temperatures for different times, as shown in figure 2.12. A short time anneal (i.e. 
30s) at 850°C will produce rod like defects (as shown in figure 2.12-a to 2.12-c), 
whereas a longer anneal (300s) at the same temperature will eventually result in 
dislocation loops [25].
850"C 300 sec ; «,
(c) ‘ A *400 nm
Figure 2.12. Transition from <113> defects to dislocation loops highlighted for short time
annealing at 850C [25]
Summary
In this chapter a brief overview of waveguides modal analysis by ray optics and 
Maxwell’s equation has been introduced, allowing describing the concept of modal 
confinement and solution set for a silicon on insulator waveguide.
A detailed investigation of the contradirectional coupled mode theory is fundamental 
for grating analysis. In this chapter we have presented the case for lossless Bragg 
gratings as well as for lossy Bragg gratings.
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Theory on ion implantation and ion damage has also been introduced, as well as 
considerations on the ion implanted silicon amorphization and damage annealing, 
highlighting how relatively high thermal treatments are necessary to remove the 
implantation damage from silicon, and how they may result in defects clustering near 
the implanted sample surface.
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CHAPTER 3: Experimental Techniques 
Introduction
In this chapter the experimental techniques used for Bragg grating design and 
characterization are presented. The ellipsometry and Rutherford Backscattering 
spectroscopy techniques introduced in this chapter are fundamental tools for the 
optical characterization of implanted silicon. The first part of the chapter introduces 
the Ellipsometry and Rutherford Backscattering methodology used, as these are 
essential to support the grating design presented in the following chapter. The second 
part of this chapter introduces the experimental setup used for device 
characterization, as well as the optical loss characterization techniques.
3.1. Ellipsometry
Ellipsometry is an optical technique that allows investigation of the thickness and 
refractive index of transparent thin films by analyzing the properties of incident and 
reflected light on the sample. Although the term “ellipsometry” was only introduced 
in 1945 by Alexandre Rothen [1], this technique has been known since the late 1800s 
[2].
In chapter 2 we discuss how light reflects at optical interfaces in the perspective of 
modal propagation inside waveguides. In reality, light transmitted through the 
interface will travel through other materials, thus reflected light inside an optical 
medium is likely to be the superposition of the light reflected by many boundaries 
between different optical interfaces.
Let us consider an optical medium constituted of three different materials having 
refractive indices ni, n%, and ng, as shown in figure 3.1.
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Figure 3.1. Schematic representation of light reflection as the result of the interaction with
multiple interfaces
Azzam [3] and Heavens [4] demonstrated that the resultant reflection coefficients for 
light impinging on a material made of different optical layers would be
+r|;e
(3.1)
(3.2)
where u  and 2 3 respectively denote reflection at the interface between medium 1 and 
2 or medium 2 and 3, and p is a phase shift induced by the optical medium which is 
connected to the medium thickness d by the expression
p = 2n[jjn2COS(f)2 (3.3)
The total reflectance due to multiple interfaces is given by \R^\^ for p  components 
and for 5  components.
Let us identify a phase difference between the parallel and perpendicular light 
components of a light beam incident on an interface as 6 1 . Let us define the same 
parameter for a reflected light beam as 6 2 . The total phase difference occurring at an 
interface can be thus defined as
A = Ô1 — Ô' (3.4)
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A is a change in phase difference that can vary between 0 and 2ti. Furthermore, 
amplitude of the two light components |R^| and \R^\ can also vary upon reflection 
without regard to a phase change. The ratio of the two amplitude components is 
defined as
f a #  =  (3.5)
where \|/ can vary between 0 and 7i/2.
We define the complex quantity p as the ratio between the reflection coefficients
The fundamental equation of ellipsometry [5] can be thus written as
p  =  tanipe^^  (3.7)
Where A and \|/ are the quantities measured by the ellipsometer. The information 
about the sample thickness and refractive index is contained in the reflection 
coefficients R^ and R^.
In order to extract the information regarding the sample not only A and \(/ have to be 
measured accurately, but also it is necessary to have a good sample model, 
specifically knowing in advance as much as possible of the sample such as the 
number of layers, an estimation of the expected thickness, and an estimation of the 
expected refractive index range.
An ellipsometry setup is normally constituted of the following elements, as shown in 
figure 3.2:
1. A monochromatic light source
2. An optical element which converts unpolarised light to linearly polarised 
light
3. An optical element which converts linearly polarized light into elliptically 
polarized light
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4. A reflecting sample of interest
5. A polarization detector which allows measuring the polarization of the 
reflected beam
6. A photo detector that measures the intensity of the reflected beam
7. A mathematical model that allows interpretation of the collected data
Most of the modem instmments are equipped with a tuneable light source, such as a 
laser, or a broadband source paired with monochromators, which allow variable 
wavelength measurements, as this facilitates comprehensive data interpretation. 
Polarisers are optical elements that possess what is called a “polarizing axis”. 
Polarisers allow light transmission only if the polarization angle of the light is 
aligned with the polarizing axis. These optical elements can thus be used in two 
different ways: to convert unpolarised light to polarized light or to determine the 
state of the transmitted light by rotating them and finding a point of zero 
transmission (null). In the latter case they are called “analyzers”.
Detector
Light Source
Polarizer
V  Analyzer
A/4 plate
Sample
Figure 3.2. Schematic representation of an ellipsometry experimental setup
The quarter wave plate is generally constituted of an anisotropic optical material, 
thus the propagation of light inside it depends on its orientation. A quarter wave plate 
has generally a “slow” axis and a “fast” axis, perpendicular to each other and to the 
direction of propagation of the light itself. As the name suggests, the incident light 
component which is aligned to the fast axis will travel inside the material at higher 
speed if compared to the component parallel to the slow axis. The difference in speed 
between different components results in a difference in phase, which in turn becomes 
a change in polarisation. A quarter wave plate can change linearly polarised light into
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elliptically polarised light. The phase change is determined by the thickness of the 
material, thus the plate has to be manufactured so that the induced phase change 
between polarisation components is exactly 90”.
In this work samples implanted at 30keV and 71keV at room temperature (RT) and 
low temperature (LT) have been analysed through variable angle spectroscopic 
ellipsometry in order to determine the refractive index of the amorphised material. 
Measurements have been carried out at L.O.T.-Oriel GmbH & Co. (Germany) [6] by 
using a VASE® variable spectroscopic ellipsometry system (figure 3.3) [7].
The ellipsometer is equipped with a Xenon lamp that emits light from the ultraviolet 
(UV) to the near infrared (NIR) wavelengths. Individual wavelengths are selected 
with a double chamber monochromator. A stacked Si/InGaAs detector is used from 
193nm to 1700nm.
Measurements can be taken from 200nm to 2000nm and at multiple angles of 
incidence (65°-75° by 5°). Variable angles improve the measurement accuracy, as 
light travels different paths through the film. The beam diameter was fixed at 3mm. 
Data analysis was performed with WVASE software [8].
Figure 3.3. The VASE ellipsometer [7]
The model used for the data fitting is depicted in figure 3.4.
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Native oxide (SiOj)
a-Si Tauc Lorentz
Intermix layer
Silicon Substrate 
Figure 3.4. Schematic of the model used for ellipsometry data Htting
The ellipsometry model is constituted by a top layer of thin native oxide, a Tauc- 
Lorentz oscillator layer [9] which simulates the amorphous silicon material, and a 
silicon substrate. The material transition from amorphous layer to crystalline 
substrate was modelled as an intermix layer, based on 50% c-Si and 50% a-Si. This 
approximation is valid when features are less than 1/10 t h  of the wavelength of probe 
light, as thicker interfaces may introduce excessive scattering and depolarisation of 
light. In practice, roughness is represented by a single, planar layer, and thickness is 
varied in order to provide a good approximation of the problem.
Data analysis is used to determine optical constants, layer thickness, and other 
material properties.
The steps of this approach include:
1. Sample data is acquired.
2. A model is used to describe the measured sample using one layer for each 
material. Thickness and optical constants {n and k) describe each layer over the 
measured wavelength range, with estimates for any unknown properties. The choice 
of the model depends on the specific material analyzed.
3. The unknown properties of the sample are defined as model “fit” parameters. The 
software automatically adjusts these parameters to improve the agreement between 
the measured and model-generated data.
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4. The results of the fit are evaluated. Since data fitting is a mathematical process, it 
can produce incorrect results if a suitable model is not used. In this case the process 
can be repeated with a new model or different “fit” parameters until the best 
description is found. This step greatly depends on the knowledge and experience of 
the user.
For the above reasons, the ambiguity in the data processing can be greatly reduced if 
reliable additional information about the sample is known before the measurements.
3.2. Rutherford Backscattering Spectrometry
Rutherford Backscattering Spectrometry (RES) is an ion beam analysis technique 
that allows investigation of the compositions and eventually the amount of lattice 
disorder in crystalline materials.
The technique borrows its name from Ernest Rutherford, who between 1909 and 
1914, following the Geiger-Marsden experiment [10] of alpha particles penetrating a 
thin gold foil, postulated the existence of the atomic nuclei and their interactions with 
the irradiating particles.
When ions and atoms collide at energies of the order of MeV, the interactions 
between ions and atoms can be described by a hard sphere scattering model. The 
energy possessed before and after the collision by the projectile ion in this regime is 
called the Idnematic factor and can be expressed as
-  J - ( m | +M icos0 (3.8)
Where M; is the mass of the incident ion, M2 is the mass of the target atom, and 0 is 
the scattering angle between the initial incident direction and the new direction of the 
scattered ion.
The scattering yield Y between the number of detected projectiles and the number of 
target atoms/cm^ Ns is given by
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y  =  . Q . n  '  N s  (3.9)
Q being the total number of incident particles, the solid angle subtended by the 
detector, and o(0) the scattering cross section. Considering pure Coulombic 
interaction, the scattering cross section is given by
RBS is more efficient for identifying elements whose atomic mass is heavier than the 
substrate, on the other hand, the identification of lighter element species is generally 
problematic.
The energies of the particles backscattered are measured for a prolonged period of 
time until a steady state statistic can be generated. The energies recorded depend on 
the atomic mass encountered by the ion beam, the scattering angles of the ions, and 
the depth at which the ions penetrate in the sample before each collision. This 
information allows the identification of the target elements with respect to their 
concentrations and depth inside the target.
Figure 5 schematically shows a classic RBS setup. A high energy 2MeV Hef^ ion 
beam is directed onto the sample. The particles scattered from the target are collected 
by a detector that records both particle flux and particle energy.
As He^^ ions travel at very high energy, many of them penetrate the target, and cause 
large angle collisions beneath the sample surface.
Figure 3.5 schematically shows a typical RBS spectrum originated from the analysis 
of a sample containing the hypothetical elements a and h at different depths over a 
substrate (a). The RBS spectrum is generally represented in terms of backscattered 
particle count for a given particle energy.
For each of the elements present on the target an additional peak appears in the 
spectrum. The high energy region represents particles that have scattered near the 
sample surface. As the ions reach the substrate there will be a progressive energy loss 
than can be indicated by a flatter curve that expands towards lower energies. The
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height of each area is proportional to the atomic concentration of the element at the 
corresponding depth inside the sample.
RBS spectroscopy was carried out at the University of Surrey Ion Beam Centre [11]. 
During the RBS measurements, high-energy (2 MeV) He^^ ions are directed onto the 
sample and the energy distribution and yield of the backscattered He ions at a given 
angle is recorded. Since the backscattering cross section for each element is known, 
it is possible to obtain quantitative depth profiles from the RBS spectra.
The eight wafers have to be loaded in the chamber individually as shown in figure 
3.6. Five points were defined in order to perform the machine calibration and the 
analysis. Electronic calibration [12] was performed with an Au/Ni/Si02/Si sample 
(point #1) and a glass sample (point #2), whereas point #3 is kept empty for 
reference. The wafers were analysed in spot #4 (unimplanted region) and two points 
5mm apart at the centre of the wafer (with point #5 in the centre).
Sample
Ion source
s
Detector
E
i f
O .5
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Scattered Ions energy
Figure 3.5. Schematic representation of an experimental system for Rutherford Backscattering 
Spectroscopy and typical spectrum obtained from the analysis
90
Erasable Bragg gratings in SOI Chapter 3: Experimental Techniques
Figure 3.6. RBS spectrometer sample chamber with different spots (point 1 to 5) chosen for
measurement and calibration
In order to perform the analysis the spectra have to be collected both at normal 
incidence, producing the so-called “random” spectrum, and in the channelling 
direction, producing the “aligned” spectrum.
Figure 3.7 schematically shows a crystal plane in the <110> direction. The lattice 
atoms shaded in red line in a forbidden region for the ion beam with orientation 
parallel to the channelling direction.
<Norm al>
X
o
<Channeled>
Figure 3.7. Example of shadowing between irradiated particles at normal and channelled
incidence.
#  Lattice atom
•  Substitutional impurity 
X  Interstitial impurity
■  Non-substitutional impurity
A substitutional impurity (•) will have a channelling behaviour similar for the two 
different directions, whereas the interstitial impurity (x) will yield a higher scattering 
efficiency in the normal direction. Furthermore, impurities which occupy a non 
substitutional position (■) will also have a scattering yield which is higher for the 
normal incidence.
Therefore, measurements along different directions are generally necessary to obtain 
a complete description of the lattice.
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The yield of a channelled spectrum is usually two orders of magnitude lower than a 
random spectrum, and much information during RBS analysis is also extracted from 
the comparison of the scattering spectrum of the host material with the channelled 
beam spectrum. The two different curves are the scattering signals collected by two 
particle detectors.
Hypothetical spectra for a silicon wafer covered with a thin layer of oxide, not 
corresponding to actual data, are shown in figure 3.8.
<R andom >
>-
QJO
<A ligned>
E n erg y
Figure 3.8. Random and aligned spectra obtained by RBS of a silicon wafer containing a thin
layer of native oxide
The peak on the aligned spectrum is related to the de-channelling of He ions in the 
oxide layer, the amplitude and broadening of the peak can be related to the oxide 
thickness. The data collected at University of Surrey RBS facilities is fitted using 
Data Furnace [13] employing SRIM2003 stopping powers [14], reported to have an 
accuracy of 0.6% with respect to experimental data.
3.3. Optical characterization setup
In the following section we describe the optical setup configuration used for optical 
device characterization and its different variations which have been used during 
transmission measurements, reflection measurements, and optical loss evaluation.
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3.3.1. Transmission measurements
The transmission measurements are carried out by butt coupling a light source to one 
of the chip facets and collecting the output signal from the other facet, and 
monitoring it with an optical spectrum analyzer.
A schematic representation of the transmission measurements setup is shown in 
figure 3.9.
40x objective lens
broadband source
polarization beam splitter
m  plate
63x objective lens fibre holder
optical spectrum analyzer
Sample Holder
Figure 3.9. Schematic representation of the transmission measurements setup
The setup implementation is shown in figure 3.10.
Figure 3.10. Implementation of the transmission measurements setup
The sample is imaged from the top by using a Hamamtsu C2400-03 infrared camera 
(1) and a standard white light source (2). The camera can be positioned and focused
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by using two 1 axis Thor Labs Inc. PTl/M stages. Sample imaging allows a coarse 
alignment of the waveguide facets with the lenses. Furthermore, using an infrared 
camera rather than a standard visible wavelengths camera allows confirming the 
position of the chip with respect to the incident infrared light.
The input light source (4) consists of a broadband Superluminescent Light Emitting 
Diode (SLED), controlled by a Newport 500B laser driver (3) and stabilized in 
temperature by a Newport 300B temperature controller. The SLED used in this case 
is a Denselight [15] DLCSS5254A for the measurements around 1.55pm 
wavelength, whose output is shown in figure 3.11-a, and a Denselight DLCS3207A 
for the measurements around 1.31pm wavelength, whose output is shown in figure 
3.11-b.
The SLED packaging output consists of a non polarization maintaining fiber patch 
cord which terminates with a ferrule connector with angled physical contact 
(FC/APC). Basic optical tests indicated that these sources possess no preferential 
polarization. The signal can be routed by using another patch cord fibre to a 3 axis 
Melles Griot 17 AMB 003/MD stage (5) which contains a Melles Griot 04 OAS 01 
40x free space collimating objective lens.
-10
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Figure 3.11. Spectral characteristic of the DLCS3207A input signal centred at 1310nm (a) and 
DLCSS5254A input signal centred at 1550nm (b)
The optical fibre has a numerical aperture of 0.4, whereas the objective lens has a 
numerical aperture of 0.65. It is recommended that the numerical aperture of the lens 
should be at least 1.5 times that of the fibre. The stage controls allow positioning the 
fibre with respect to the fixed objective lens. This allows to keep the light radiation
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in the same direction with the optical axis, and eventually to fine tune the direction of 
the input source during alignment of the sample.
After being collimated by the objective lens the light beam can travel in free space 
through a Newport Corporation 10FC16PB.9 broadband polarizing cube beam 
splitter (6). The beamsplitter positioning allows only the TE polarization to proceed 
in the direction parallel to the device axis, whereas any TM component is transmitted 
in a direction perpendicular to the axis.
A CVI Corp. QWPO-1550-10-2-R/5 half wave plate is positioned after the beam 
splitter. The direction of the plate can be rotated, allowing the linear TE polarization 
to be converted to a TM if necessary.
After the half wave plate, light is focused on the device under test by using a 63x 
Melles Griot objective lens (13). Since the spot size of the lens is on the order of one 
micrometer, this allows reduction of the mismatch between the radiation in free 
space and the input waveguide.
The device is held on the setup by using an M-562 3 axis central stage from Newton 
Corp (14). The sample holder is a custom made aluminium platform which was 
designed in order to have a width smaller than the test chip and avoid any 
interference of the equipment at the chip facets. The platform is held on the stage by 
a 17 AM A 009 Melles Griot bracket.
Light emitted from the device is collected by using a OZ Optics polarization 
maintain fibre
TPMJ-3S-1550-8 having a tapered tip on one end and a ferrule connector/physical 
contact (FC/PC) on the other end (15).
Waveguide alignment is a procedure that requires extreme care. As the cross section 
of a photonic integrated device is on the order of a square micron, and possibly less, 
a Melles Griot 17 MAX 101 high precision stage is used to align the objective lens 
and the fibre to the test chip both at the chip input and output (12). The 3 axis stages 
can be coarsely aligned to the device by using a Melles Griot 17 DRV002 
micrometer, which has a nominal stepping precision of 50nm. Fine alignment is then 
achieved by using a Melles Griot 17 PCZ 013 piezoelectric controller, which has a 
nominal resolution of 5nm, shown as (11) in figure 3.12.
When characterizing waveguide device, specifically Bragg gratings, lensed tip fibres 
are indispensable to maximize light coupling from the chip facets. Figure 3.13-a
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shows an infrared camera picture of light successfully being coupled to a waveguide. 
A characteristic circular diffraction pattern is visible near the edge of the chip, as the 
light is directed on the waveguide edge. Figure 3.13-b shows light at the same 
waveguide output being coupled out in a lensed tip fiber.
0
Figure 3.12, Detail of the transmission measurements setup sample holder
Figure 3.13. Free space coupling to the chip input (a) and fibre coupling to the chip output (b)
The signal is collected by the fibre and displayed by an Hewlett Packard HP86140A 
optical spectrum analyzer (part (9) in figure 3.10).
In order to allow alignment to the chip, a Thorlabs Inc. PF10-3-G01 mirror (part (10) 
in figure 3.10) is positioned after the device output. This mirror allows directing the 
output light from the chip to another Hamamatsu C2400-03 infrared camera, 
allowing to confirm that the light is correctly coupled into the waveguide.
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3.3.2. Reflection Measurements
A schematic representation of the reflection measurements setup is shown in figure 
3.14 to summarize the essential components used during the measurements.
PM fiber
circulator fibre holder 40* objective lens
p o w e r  m eter
optical spectrum analyzer
Figure 3.14. Schematic representation of the reflection measurements setup
Figure 3.15. Fiber coupled setup for reflection measurements
The reflected signal is collected by using an OZ optics PMJ-35SA-1550-8/125-3-1-1 
polarization maintaining fibre circulator (16) at the input. The input branch of the 
circulator is terminated by a OZ Optics polarization maintaining fibre TPMJ-3S- 
1550-8 (17) in order to maximize the light coupling at the input, as shown in figure 
3.15.
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The transmitted signal is also collected at the same time by aligning a 40x Melles 
Griot objective lens (18), thus ensuring that the device is correctly aligned at any 
time during the measurements.
3.3.3. Anti reflection Coatings
Reflection measurements are usually problematic, and require AR coatings in order 
to maximize the SNR between the signal reflected by the grating and the background 
light radiation reflected by the chip facet. Free space coupling or fibre coupling from 
a light source to a silicon chip is greatly affected by the amount of light reflected at 
the waveguide endface. The amount of radiation depends on the endface reflectivity, 
which is in turn determined by the refractive indices of the optical media. The 
endface reflectivity can be expressed as
R = |r p  (3.11)
As previously discussed in chapter 4, the reflection coefficients are
Ü  nocoscb-t-n-tcoséo
=   P ---- ------p -  (3.12)
n2COS0i+niCO502
C n i C O S 0 i - n 2 C O 5 0 2
U 2  -  —  P   -----^  (3.13)
n iC O 5 0 i+ r i2 C O S 0 2
Using Snell’s law (2.3) we can calculate reflectivity as
(3.14)
When light is coupled in a direction normal to the waveguide facet, both equations 
(14) and (15) become
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R ^  rni-ri2\Vrii +712/ (3.16)
For an air to silicon interface R = 31%. This means that coupling light to silicon is 
usually subject to an additional loss contribution related to reflection. Furthermore, 
this is a major obstacle for the detection of reflected signals produced by waveguide 
gratings. This issue can be addressed by depositing a thin film coating on the 
waveguide facets, as schematically shown in figure 3.16.
Ref le d  ions out of p h ase 71 p h a se  ch an ge
7 Â
Figure 3.16. Schematic representation of AR coating principle of operation
The creation of an additional thin film interface will produce two reflected waves. If 
these waves are reflected out of phase, they will partially or totally cancel. If the 
coating has a À/4 thickness and has refractive index that makes equation 3.16 equal to 
0, then the two reflected waves will be 180 degrees out of phase, eliminating the 
reflected light at the interface.
R =
2 2 niri2-nâr
nin2-nâr
(3.17)
Equation (3.17) is equal to 0 when riin2 = Uar- The former condition can be used as 
a design guideline for determining the refractive index of anti-reflection coatings. As 
reflectivity is related to wavelength through the material refractive index, the choice 
of AR coating depends on the desired wavelength application. Common materials 
deposited as antireflection coatings are SiOH, SiON and Hf02.
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3.4. Optical losses characterization
3.4.1. Cut Back Method
40x objective lens
A gilen t 8 1 9 4 A  
F a st  tu n ea b le  
la ser
polarization beam splitter I
' t J l  plate
lens fibre holder
A gilen t 8 1 6 9 4 0 A  P tio to d e tec to r
S a m p le  H older
Figure 3.17. Schematic representation of the loss measurements setup variation
The cut back method allows estimating the insertion loss of an optical waveguide 
when using the end fire coupling method. The loss measurement setup used is shown 
in figure 3.17. An input signal of power Iq is coupled in a waveguide of length Li and 
the output power Ii is recorded. The waveguide is shortened to a length L2 and the 
new output power I2 is recorded by keeping the input power Iq constant. The 
propagation loss in the waveguide section L1-L2 can be related to the difference in 
output power I1-I2 by the expression
(3.18)
thus the loss coefficient can be calculated as
(3.19)
Expression (19) is initially calculated for only two data points. The accuracy of the 
technique can be increased by taking multiple measurements for different waveguide 
lengths. Due to the nature of the measurements, this calculation will include all the 
loss contributions.
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Figure 3.18. Broadband radiation with wavelength around 1.55pm coupled in a silicon on 
insulator grating implanted at 90keV energy, of length 250pm (a), 500pm (h), and 1mm (c), 
showing how the power output intensity is reduced for longer grating structures.
The cutback loss method is especially suited for high loss structures, were a small 
change in the test waveguide length corresponds to a clear variation in output power. 
Figure 3.18 shows the imaging of a grating output for different grating lengths, 
displaying a decrease in output luminosity depending on the grating length.
3.4.2. Fabry-Perot method for losses characterization
A waveguide with polished facet is equivalent to an optical cavity, as the light 
propagating in it will be reflected at each interface depending on the refractive 
indices of the waveguide core and cladding. The light introduced in the waveguide 
can therefore be repeatedly reflected in between the polished waveguide facets, in a 
similar fashion to what happens in a Fabry-Perot étalon. The optical intensity h 
transmitted through the cavity is related to the incident light intensity I q as in the 
equation
-  = -------------------------  :-----------  (3.20)
h  + 4 P e -“^ s in 2 (0 /2 )
where R is the facet reflectivity, L is the cavity length, a is the loss coefficient, and (j) 
is the phase difference between successive waves in the cavity. Equation (3.20) has 
maximum value when <j>=0,m27i and minimum value for (j)=K. Therefore:
(3.21)
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'm m (3.22)
From equation 21 and 22 we can calculate the ratio between the minimum and 
maximum intensity value in the resonant cavity, whose frequency response is shown 
in figure 19.
(3.23)
Figure 3.19 shows a typical optical cavity response produced by Fabry-Perot 
resonance. This response is mathematically described by equation (20) and is 
produced by varying the phase term ^ in a certain range.
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Figure 3.19. Fabry perot interference figure obtained by coupling a tuneable laser filter in a
waveguide with polished facets.
There are many ways of achieving this variation, such as temperature changes, 
modification of the cavity length, or of the input wavelength. In our case, the easiest 
strategy is using a tuneable laser at the waveguide input in order to examine the 
cavity response.
Therefore the loss value can be calculated as
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Therefore by knowing the reflectivity value R, and the maximum and minimum 
intensity in the cavity it is possible to calculate the waveguide loss coefficient.
The accuracy of the Fabry-Perot resonance method is limited by the exact estimation 
of the cavity facet reflectivity R, which can be difficult to determine due to the 
influence of the waveguide structure and cladding. Furthermore, this method is better 
suited for low loss waveguides, as the frequency response of the optical cavity is 
likely to be distorted in the presence of heavy optical losses.
3.5. Laser annealing setup
A KrF Lambda Physik LPX 210i excimer laser is used for Bragg grating laser 
annealing. A laser annealing technique would potentially allow erasing devices 
locally with great precision, paving the way to the development of a wafer scale 
testing scheme for integrated photonics. The laser produces UV energy at 248 nm 
with a maximum pulse repetition rate of 100 Hz. Pulse duration is 25 ns according to 
manufacturer’s specifications with a maximum pulse energy of 700 mJ measured at 5 
Hz. Figure 3.20 illustrates the laser setup [16].
Output power of the excimer laser is controlled through the user interface by the 
discharge voltage used, and fine tuned by a set of attenuators is used as a secondary 
control of laser energy. A set of optics guides the beam onto the sample. The 
secondary optics are located outside the LPX 210i. The beam is homogenised with a 
Microlas beam homogeniser into a semi-Gaussian profile. The laser beam profile can 
by monitored by an Exitech Profile 256 beam profiling system, after splitting the 
beam above the sample plane. The laser energy is measured by splitting the beam for 
the second time, using Molectron EPM 1000 analyser along with a Molectron J25LP- 
MUY pyroelectric joulemeter.
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Excimer Laser
Attenuators
Homogeneiser
I
Optics
Beam splitter
Aperture
Beam profiler
Energy m eter
Quartz w indow
Sample
Figure 3.20. Excimer laser setup used for laser annealing
The beam was passed through the aperture to select the more uniform central portion 
of the beam and then focused to a square 3mmx3mm in size. The devices are placed 
on a computer controlled XY translation stage and the laser beam can be scanned 
across the sample.
Summary
Ellipsometry and Rutherford Backscattering spectroscopy techniques have been used 
complementarily in this work to identify the optical properties of ion implanted 
silicon. A pre-emptive ion beam analysis of implanted samples can greatly reduce the 
ambiguity in the ellipsometry data fitting, contributing to a more accurate estimation 
of the amorphous layer thickness and material refractive indices.
Optical testing techniques for implanted gratings have also been presented. Device 
testing for this work has been mainly carried out by using an in plane butt coupling 
setup which has been modified depending on the requirements. The grating 
frequency response can be tested by using a superluminescent broadband source as 
input, and reflection measurements can be carried out by using a fibre circulator at 
the device input, in order to collect the reflected signal. The same setup can be used 
to measure optical losses, by implementation of the cutback method. Alternatively,
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loss evaluation can be carried out by using a tuneable laser source, as in the 
implementation of the Fabry-Perot method.
At the end of the chapter, the laser annealing system has also been presented.
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CHAPTER 4: Device design 
Introduction
This chapter describes the preparatory work for ion implanted Bragg gratings which 
led to grating design. In the initial part of the chapter a comparison between three 
possible ion species is presented, in which the damage distributions are analyzed and 
compared. The data obtained by ion implantation simulations is used as starting 
parameters for Germanium test implants and the results of refractive index change 
and damage penetration into silicon is subsequently presented. The final part of the 
chapter is focused on design considerations of Germanium implanted Bragg gratings, 
as well as presentation of the device geometry.
4.1. Device concept
The ion implanted Bragg gratings device concept is shown in figure 4.1. In order to 
fabricate integrated Bragg gratings by ion implantation a masking layer of 810% is 
deposited on silicon on insulator rib waveguide. The grating pattern is subsequently 
defined in the oxide surface by electron beam lithography and etched by a reactive 
ion etching process. The resulting structure is subsequently implanted in order to 
alter the optical properties of the area not protected by the hardmask. After the ion 
implantation step the hardmask layer can be removed by an appropriate wet etch step, 
depending on the required application. After successful grating testing, the periodic 
refractive index change can be reversed by an appropriate thermal treatment.
loft ItTvlantalKKJ
I.V/avcguidc 2.Hardmask 3.Hardmask 4,Hardmask S.Thcrmal
fabrication deposition patterning strip annealing
Figure 4.1. Device concept for thermally erasable implanted gratings
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4.1.1. Choice of the implantation element
As discussed in chapter 1, it has been decided that fabrication of ion implanted 
gratings would rely on ion damage [1] to alter the optical properties of silicon. 
Specifically, the periodic refractive index change would be produced by selectively 
amorphising the implanted areas exposed by a hardmask pattern.
The ion implanted Bragg gratings recently reported in literature were based either on 
silicon dioxide synthesis [2] or Si self implants [3]. For this work it has been decided 
to concentrate the investigation on heavier ion species, specifically group IV Ge and 
Sn, and Group VIII Xe. This choice has been motivated partly by the necessity to 
ensure CMOS compatibility in the process (as in the case of Ge) and partly by the 
interest of investigating the effect of heavier ion mass on ion implanted grating 
design.
The lattice disorder introduced into silicon can lead to the target amorphization in a 
dose range between lO^^ions/cm^ to lO^^ions/cm^ [1]. For ions heavier than silicon, 
these dose values allow a completely amorphous layer without the necessity of 
cooling down the samples. Furthermore heavier elements are associated with 
potentially reduced damage straggling [4], theoretically allowing production of more 
regular implanted grating profiles.
KING [5] has been used for simulating ion damage. KING is a statistical model 
based on Monte Carlo ion implantation simulations. KING has been developed on 
the popular code SRIM (Stopping Range of Ions in Matter) [6] which relies on the 
binary collision approximation.
Defect recombination is out of the scope of these algorithms, therefore any self 
annealing effeet is ignored. The simulations produced can be considered equivalent 
to a low temperature (77K) implant condition, although the KING code offers an 
additional level of complexity as it accounts for the target crystal orientation 
(channelling effect), resulting on an increased precision on the evaluation of the 
amorphous layer thickness produced by ion implantation.
Initial calculations investigated the variation of the implant energy in order to 
determine the thickness of the amorphous material with respect to the sample surface, 
which is in turn associated to the grating depth.
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The condition chosen for silicon amorphization during simulations is based on the 
critical defect density model. The simulations have been performed for a 10^  ^
ions/cm^ dose and assuming that a damage level of 80% [7] would cause the 
material to become amorphous.
Figure 4.2 shows a comparison of the results obtained with KING for the three 
different implantation elements, respectively Ge, Sn, and Xe. These initial 
calculations to relate different amorphous layer thicknesses to different implant 
energies and different ion species for a fixed dose, investigating damage penetration 
into the target in a range up to 300nm. Heavier elements require higher implant 
energy in order to reach the equivalent penetration in the target material (and 
amorphous layer thickness) than lighter ion species. Using a considerably heavier ion 
mass such as Xe, and therefore higher ion energies, may also be seen as a 
disadvantage, depending on the available processing conditions and resources, so a 
lower energy process may be preferred.
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Figure 4.2. Simulated trends between implant energy and amorphous layer thickness for
ions/cm^ dose
These results enable choice of the ion implantation energies that will yield a suitable 
amorphous layer thickness for each element. Initial energies where chosen as 
detailed in table I, for a target amorphous layer thickness up to 150nm.
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Table IV.I. Different implantation energies chosen for Ge, Sn, and Xe elements related to the
Amorphous
layer
Thickness
[nm]
Implant
Energy
-G e
[keV]
Implant
Energy 
-  Sn 
[keV]
Implant
Energy 
-  Xn 
[keV]
25 12 16 18
50 30 39 46
75 50 68 71
100 70 100 109
125 90 133 142
150 120 153 164
In order to gain additional insight on the grating damage distribution, the chosen 
implantation conditions have been further analyzed by using a three dimensional 
version of the KING code [8], as detailed in the next section.
4.1.2. 3D Ion implantation simulations
The KING3D calculations allow analysis of the evolution of ion damage in the 
material, with the advantage of taking into consideration the hardmask pattern [8]. 
The interaction of the implanted ions with a grating template is a fundamental step 
towards investigating the implanted grating performance.
As these calculations are demanding in terms of hardware resources and time, it is 
possible to take advantage of the periodicity of the structure during the simulation, 
by considering a single cell containing one and a half grating periods as shown in 
figure 4.3.
Simulation Cell
SiO, hardmask
1
Silicon
Figure 4.3. Schematic representation of the basic hardmask cell (highlighted in red) used for 
three dimensional ion implantation simulations
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Figure 4,4 shows an example damage profile output for KING3D, produced with Ge 
ions at ion dose lO^^ions/cm^ and energy VOkeV, through a single grating slit. The 
calculations allow distinguishing areas associated to different damage levels. These 
areas are identified by a percentage of displaced atoms that varies from 90% to 10% 
with steps of 10%. The area delimited by the dark red isosurface represents the 
completely amorphous material (>80% displacement). Areas where the accumulation 
of damage is less than 80% are characterized by partially amorphous material and 
abundance implantation defects. The extent of the interface region varies with the 
implantation conditions, and specifically with the ion species and implantation 
energy.
Lateral
interface
region
B ottom  in te rface  region
^  1500
Figure 4.4. Example of damage distribution obtained by KING3D simulations for a 70keV 
germanium implant through a llSnm  slit. The damage features considered in the study are
highlighted in the picture.
The amorphous silicon area calculated by the KING3D simulations can be 
characterized in terms of the maximum extent of lateral damage and the maximum 
extent of the vertical damage (amorphous layer thickness for the 80% damage area. 
The partially damaged area, including damage levels between 70% and 10%, is 
described as an interface region which extends around the fully amorphous layer. In 
order to account for alterations of the grating duty cycle we consider the extent of the 
interface on the sides (lateral interface region) and at the bottom (bottom interface 
region).
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The hardmask employed for these simulations is modelled as a 200nm thick oxide on 
top of the silicon wafer. The oxide contains three etched slits that have widths of 
115nm, which correspond to half of the chosen first order grating period, as shown in 
figure 4.5.
SiOg hardmask 
115nm 1
Silicon
Figure 4.5. Schematic representation of the etched hardmask used to simulate the passage of the 
ions through a single grating period of 230nm with 50% duty cycle
By referring to the data collected in section 1, the implant energies have been chosen 
in order to ensure that different elements yield the same amorphous layer thickness. 
This choice has been made in order to analyze the characteristics of different ion 
distributions assuming that they would yield the same grating depth, but different 
damage distribution features.
Figure 4.6 shows the simulated ion distributions for Germanium into silicon. The 
implantation energies have been chosen from the 2D simulations presented in the 
previous paragraph in order to produce a grating depth between 25nm and 150nm. 
The size of the lateral damage distribution under the hardmask, and the transition 
region around the lower amorphous to crystalline interface increases with energy.
The lateral expansion of the amorphous layer below the hardmask will affect the 
grating efficiency, and is taken into account by considering an equivalent duty cycle
4'
A
— ----------------------------------------------- (4.1)A + 2xM axim um  la tera l dam age
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Figure 4.6. Different energies selected for germanium implants to produce amorphous layer 
thicknesses between 25nm and 150nm. The red isocurve (inner) corresponds to 90% lattice 
damage, whereas blue isocurve (outer) represents 10% lattice damage
Figure 4.7 summarizes the results obtained from germanium implant simulations for 
different ion implantation energies in terms of amorphous layer thiekness, extension 
of lateral damage, and equivalent duty eyele. The blue curve shows the amorphous 
layer thiekness ealeulated from the KING3D simulations, whereas the blaek curve 
represents the maximum extent of lateral damage for the same energy value. The 
extent of lateral damage allows defining an equivalent grating duty cycle whieh is 
ealeulated from the extent of lateral damage, and is represented by the red curve. By 
considering the expansion of the amorphous material zone below the hardmask as an 
equivalent grating duty cycle it is possible to notice how a duty eyele larger than 60% 
is easily reaehed for implantation energies above 50keV. Figure 4.8 shows the extent 
of the amorphous to crystalline region surrounding the amorphous material zone as 
the implantation energy inereases.
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Figure 4.7. Simulated data for the lateral damage of germanium into silicon for a 230nm period
grating with 50 % duty cycle
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Figure 4.8. Simulated data for the damage interface of germanium into silicon for a 230nm
period grating with 50% duty cycle
The black curve in figure 4.8 shows the extent of lateral interface (damage level 
varying from 10% to 80%) whereas the red curve shows the extent of the bottom 
interface.
As previously mentioned, the aim of tin and xenon implantation simulation is to 
investigate the possibility of obtaining a more self contained damage area, as well as 
silicon to crystalline interface, due to the increased ion mass.
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Figure 4.9 shows the simulated damage profiles for tin implants at the same dose of 
10^  ^ions/cm^.
It is possible to notice that the ion distributions look qualitatively similar, although 
the amorphous to crystalline silicon interface appears to be somehow reduced. 
Examination of the simulated data shows that the interface area formed during tin 
implants appears to be slightly reduced if compared with germanium, as shown in 
figure 4.10. On the other hand, the reduction of partially amorphous material is also 
related to an ampler amorphous region, as it is possible to notice from figure 4.11, 
resulting in an increased grating duty cycle which is more evident for higher 
implantation energies.
•to  ■«
16keV
I
-  15OT
I39keV
IlOOkeV68keV
133k
Figure 4.9. Different energies selected for tin implants to produce amorphous layer thicknesses 
between 25nm and 150nm. The red isocurve (inner) corresponds to 90% lattice damage, 
whereas blue isocurve (outer) represents 10% lattice damage
By comparing the data between germanium and ti implants it appears that the benefit 
of using tin over germanium is somehow modest considering that the reduction in the
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interface region is less than a few nanometres. This is accompanied by the fact that 
for some cases it is possible to obtain an even larger duty cycle.
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Figure 4.10. Simulated data for the lateral damage of tin in silicon for a 230nm period grating
with 50% duty cycle
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Figure 4.11. Simulated data for the damage interface of tin into silicon for a 230nm period
grating with 50% duty cycle
We finally consider the use of xenon ions to amorphise the silicon. Figure 4.12 
shows the damage distribution obtained for six different implant energies, also at 
lO’^  ions/cm^ dose, which would yield an amorphous layer thickness between 25nm 
and 150nm.
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Figure 4.12. Different energies selected for xenon implants to produce amorphous layer 
thicknesses between 25nm and 150nm. The red isocurve (inner) corresponds to 90% lattice 
damage, whereas blue isocurve (outer) represents 10% lattice damage
Figure 4.13 shows that in order to achieve an amorphous layer thickness comparable 
to the one obtainable by germanium implants it is necessary to increase the 
implantation energy up to 160keV, which reflects negatively on the damage 
broadening under the hardmask and lead to an equivalent duty cycle up to 80% for 
higher implantation energies. Although xenon implants appear to further improve the 
abruptness between amorphous and crystalline material, as shown in figure 4.14, the 
changes appear somehow modest to justify the choice of an element heavier than tin 
or germanium.
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Figure 4.13. Simulated data for the lateral damage of xenon into silicon for a 230nm period
grating with 50% duty cycle
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Figure 4.14. Simulated data for the damage interface of xenon into silicon for a 230nm period
grating with 50% duty cycle
This analysis points out that the three ion species considered have a comparable 
extension of the amorphous region, provided that the energy is calibrated accordingly. 
The change in ion mass is not sufficient to reduce the amorphous to crystalline 
interface. A comparison between the grating equivalent duty cycles for the different 
ion species is summarized in figure 4.15, pointing out that germanium ions, 
contrarily to what was initially expected, produce a more contained damage 
distribution.
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Figure 4.15. Effective duty cycle comparison between different ion species 
4.1.3. Germanium and Silicon Comparison
As already discussed in chapter 3, silicon implanted Bragg gratings in silicon on 
insulator have been successfully demonstrated [3]. Using silicon in order to introduce 
amorphising damage inside a silicon target allows elimination of foreign ion species 
during the processing, although additional care must be taken in using silicon self 
implants as the ion mass is the same as that of the target. Using a heavier ion for 
amorphising damage allows reduction of the implantation dose required for 
amorphization (with possible benefits on the processing costs) and relaxation of the 
temperature conditions. Figure 4.16 shows a comparison between the ion 
implantation simulations for silicon implants (right) and germanium implants (left), 
with a 10^  ^ ions/cm^ dose, energies between 50keV, VOkeV, 90keV and 120keV, 
through a grating hardmask with period 230nm and duty cycle 50%.
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Figure 4.16. Germanium (left) and silicon (right) comparison
The damage distribution produced by silicon is qualitatively different from 
germanium. As silicon ions are comparatively lighter, they tend to migrate far from 
the point of impact, causing much broader interface region that extends far from the 
completely amorphous region for tens of nanometres. The amorphous zone is centred 
towards the centre of the damage distribution, as it is also possible to notice by 
observing the partially amorphous zone closer to the target surface. Since silicon has 
a reduced amorphising potential if compared to germanium, there is an increased 
chance of damage self annealing during the implant. In order to prevent this, 
performing low temperature implants when using silicon ions becomes critical for 
complete amorphisation. This is not a processing requirement for heavier ion species.
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such as germanium, that allow performing room temperature implants and employing 
a comparatively lower dose.
The disadvantage of having such a broad area in which the damage varies between 
70% and 10% makes a more complex model to predict the behaviour of mixed 
material if compared to an area of completely amorphous silicon. This is due to the 
fact that the interface region is likely to be characterized by a gradient in the 
refractive index, and in the perspective of device modelling or ellipsometry analysis, 
it is likely that it will be treated as an area with an approximate uniform refractive 
index.
Figure 4.17 compares the extension of the interface region (damage level 80% to 
10%) between Si self implants and germanium.
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Figure 4.17. Comparison between lateral interface and bottom interface damage between
germanium and silicon implants.
The data reported above illustrates the dramatic difference between the Si and Ge 
damage distributions. The red (Ge) and black (Si) curve show how a Si implant is 
likely to generate a damage interface which is 2 to 3 times larger than the one for Ge 
implants, depending on the energy chosen. Furthermore, the blue (Ge) and purple (Si) 
curve show that Si ions tend to diffuse approximately three times more than Ge at the 
bottom of the implants, assuming the same energy is used. As already mentioned, the 
increased mobility of Si ions could make the performance of the device, as well as 
the modelling, increasingly difficult to predict, as opposed to the case in which 
heavier ion species are used.
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4.2. Investigation of the implanted silicon optical properties
4.2.1. RBS and ellipsometry measurements
Germanium test implants have been carried out at the University of Surrey ion beam 
centre in order to validate the simulation results and analyze the refractive index 
change of bulk implanted samples. This is also a necessary “calibration step” towards 
device fabrication, as different implantation facilities generally produce slightly 
different results, therefore test implants allow to obtain useful information for 
refining the implantation parameters.
The ion implantation conditions chosen for the calibration experiments have been 
designed with the aim of obtaining grating depth of 25nm, 30nm, 75nm and lOOnm 
by using room temperature as well as low temperature implants. The implant 
conditions for this experiment are reported in table II, and are based on the ion 
implantation simulation previously discussed.
Table IV.II. Ion implantation conditions used for the Germanium implant characterization
experiment
Dose 10^  ^ions/cm^ Germanium
Implant temperatures RT, LNz
Implantation Energies 20keV, 30keV, 50keV, 71keV
A mixed approach based on near IR ellipsometry and Rutherford Backscattering 
Spectroscopy (RBS) has been adopted in order to investigate the optical properties of 
the implanted silicon. This is motivated by the possibility of minimizing the error in 
the ellipsometry measurement by using data that has been previously obtained by 
RBS. The initial measurement done by RBS on the implanted samples allows one to 
obtain an excellent starting point for the ellipsometry data fitting by estimating the 
amorphous layer thickness and the amorphous to crystalline material interface.
Figure 4.18 shows a qualitative comparison for some of the spectra collected for the 
experiment at room temperature. The RBS spectra are collected by two detectors 
located in different positions in the sample chamber, in order to minimize 
measurements uncertainty.
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Figure 4.18. A qualitative comparison of the RBS spectra obtained for an unimplanted 
sample with <100> orientation (a) and implanted samples at <110> orientation with 
increasing energy of 20keV (b), 30keV (c) and SlkeV (c) implanted at room temperature.
The spectra depicted in figure 4.18-a have been obtained from an unimplanted 
sample. The only peak visible in the spectrum refers to the native oxide present on 
the silicon wafer. On the other hand, figure 4.18-b already shows a remarkable 
difference in the collected spectra. The leftmost peak indicates the presence of the 
implanted germanium in the sample, whereas the rightmost distribution indicates the 
formation of amorphous material. As expected, the data shows the presence of 
amorphous material even for room temperature implants. The increment of the 
amorphous layer thickness with implantation energy is shown by the spectra in figure 
4.18-c and 4.18-d.
The data fitting results for the implanted samples is presented in figure 4.19 for both 
the room temperature and the low temperature implants.
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Figure 4.19: Amorphous layer thicknesses measured through RBS analysis
The amorphous layer thicknesses predicted by the KING3D simulation appear to be 
less than as measured. As expected, low temperature implants produce a thicker 
amorphous layer due to the absence of self annealing effects. The uncertainty in 
these measurements depends on the accuracy with which the backscattered ions are 
counted. The RBS analysis at Ion Beam Center has been validated by Boudreault et 
al in [9] and its accuracy proved to be within 2%.
The RBS results have been used to minimize the number of variables while 
performing ellipsometry measurements on test samples, since the accurate estimation 
of the amorphous layer thickness obtained by ion beam analysis greatly improves the 
reliability of the model using during refractive index measurements.
Table III shows the amorphous layer thicknesses and the amorphous to crystalline 
region thicknesses measured by ellipsometry analysis for the 30keV and VOkeV 
Germanium implanted samples at low temperature and room temperature. The 
ellipsometry measurements agree with the RBS measurements within 5nm.
As expected, the amorphous layer characteristics for the two different implantation 
temperatures are very similar. The fitted ellipsometry data also highlights the 
presence of an intermix layer between the amorphous region and the crystalline 
region, as predicted by the ion implantation simulations.
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Table IV.III. Sample thicknesses for 30keV and 71keV measured with NIR ellipsometry
Implantation Energy 
[keV]
Implantation
Temperature
Amorphous Layer 
Thickness [nm]
Intermix Layer [nm]
30 RT 57 12
30 LNz 52 14
71 RT 112 23
71 LNz 105 25
It can be observed how the data for the amorphous layer thickness and the partially 
amorphous layer matches the simulated data reported in tables I and II with a 
difference of only a few nm. Figure 4.20 shows the real part of the refractive index 
measured by ellipsometry. The real part of unimplanted silicon refractive index is 
also reported in the inset for comparison. The ellipsometry analysis highlights a 
change in the real part of the refractive index of approximately 0.5 for wavelengths 
between 1 pm and 2 pm.
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Figure 4.20. Ellipsometry measurement (real part refractive index) for implanted silicon at 
30keV and 71keV samples at room temperature at liquid nitrogen temperature.
Figure 4.21 shows the imaginary part of the refractive index over a wavelength 
interval between 300nm and 2pm. This data shows how the amorphous layer is 
transparent in the near IR interval.
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Figure 4.21. Ellipsometry measurement (imaginary part refractive index) for implanted silicon 
at SOkeV and TlkeV samples at room temperature at liquid nitrogen temperature.
The refraetive index change measured through ellipsometry has been employed for 
the grating simulations reported in the grating modelling section.
4.2.2. Annealing considerations
In order to investigate thermal erasability of amorphous implanted gratings as well as 
the effect of a moderate temperature treatment on the crystalline to amorphous layer 
interface, the test implant samples previously described have been exposed to a series 
of different annealing temperatures ranging from 300°C to 550°C and subsequently 
RBS analysis has been repeated on each sample.
For this study samples implanted at VlkeV at room temperature with germanium at 
10^  ^ ions/cm^ dose have been annealed for different time intervals at different 
temperatures. Samples have been annealed for 5, 10, 20 and 40 minutes at 
temperatures of 300°C, 400°C, 500°C. Another batch of samples has been annealed 
at 550°C for 5,7, 10 and 20 minutes. This is due to the fact that at 550°C the 
amorphous layer reerystallizes quickly (0.12nm/s) [10], thus annealing times over 20 
minutes would not add any additional information to the existing data. Figure 4.22-a 
shows a qualitative comparison for the measured spectra on isothermally annealed 
samples. It is possible to see how the fast change in the interface area is for 550°C.
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Figure 4.22-b shows a qualitative comparison for isochronal annealing for different 
temperatures.
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Figure 4.22. <110> RBS spectra obtained for annealed samples at 550 C for different times (a), 
annealing for constant time at increasing temperatures (b)
The interface thickness for different annealing times has been represented in figure 
4.23. The graph shows the reference case (purple dot) for an implanted unannealed 
sample. This sample has a 22.5nm amorphous to crystalline transition zone.
25 n
^ 2 0 -  
g 15]
0
1  5
0 -
T  A s  Im planted  
■  3 0 0 ° C  A n n ea lin g  
•  4 0 0 ° C  A n n ea lin g  
▲ 5 0 0 ° C  A n n ea lin g  
<  5 5 0 ° C  A n n ea lin g
I
i i
i À Ài Ii
7 10 20
Annealing time [min]
40
Figure 4.23. Interface thickness for different annealing time and temperatures. An unannealed 
sample has also been included for reference.
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The amorphous layer thiekness measured after the annealing is also included in each 
table. It is also possible to notice how the amorphous layer thickness reerystallizes 
relatively quickly for the 550°C annealing temperature.
Following from the RBS measurements, data has been fitted in order to investigate 
the interface between crystalline and amorphous material.
The first series of annealing (300°C) shows that little change is induced on the 
overall amorphous layer thickness by a low temperature annealing. Although the 
amorphous layer thickness appears to be 5nm smaller, the overall thickness remains 
stable even for a 40 minutes annealing. The 400°C annealing shows results very 
close to the previous one. In this case is also possible to notice a slight reduction in 
the overall amorphous layer thickness. As in the previous ease, the measurements 
show stability over time.
In the 500°C case, the reduction of the amorphous layer thickness becomes more 
apparent. The overall thickness is reduced down to 90-95nm, although this 
temperature is still not sufficient to achieve complete damage annealing. The 
amorphous layer thickness stabilizes to 95nm after 40 minutes anneal, possibly 
meaning that the partially amorphous material has been completely eliminated. The 
final set of annealing data includes 550°C temperature. In this case times have been 
reduced as silicon recrystallization at this temperature is expected to be very efficient. 
The 5 minutes experiment shows already a reduction of the amorphous layer 
thickness to 90nm. The amorphous layer thickness keeps decreasing for longer times, 
and it goes down to 40nm for 20 minutes. It is reasonable to assume that longer time 
would erase the amorphous layer entirely.
Figure 4.24 shows measurements of the amorphous to crystalline interface carried 
out by RBS on the same samples. The as-implanted sample (70keV germanium at 
10^  ^ions/cm^ dose) shows a partially amorphous zone which extends 25nm below 
the amorphous region.
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Figure 4.24. Amorphous layer thickness for different annealing time and temperatures. An 
unannealed sample has also been included for reference.
A low temperature annealing (300°C) reduces the partially amorphous interface to 
15nm for shorter times (5-10 minutes) and down to 1 l-12nm for longer times (20-40 
minutes) although it is not successful in eliminating the partially amorphous material 
completely. A 400°C anneal reduces the partially amorphous material to less than 
lOnm. The variation of the data shown in figure 4.23 is probably related to a 
fluctuation in the annealer temperature, although the interface thickness appears to 
stabilize around 7nm.
For a 500°C anneal, the interface reduced to approximately lOnm for a 5 minute 
anneal and decreases further to nearly zero as the annealing time increases. The same 
happens for the 550°C temperature.
The data collected suggests that for temperatures up to 500°C it is not possible to 
regrow the amorphous layer completely, although a reduction in thickness up to 
15nm has been observed for prolonged annealing times. For temperatures below 
400°C a reduction of the amorphous layer thickness in the range of a few nanometres 
has been observed, probably connected to the damage annealing whieh takes place in 
the partially amorphous interface.
The investigation of the interface reduction tells that a low temperature anneal 
(below 500°C) will not repair all the damage at the material interface, even for long 
annealing times. On the other hand, a 500°C thermal treatment appears to eliminate 
most of the partially amorphous region. At 550°C the amorphous material will
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recrystallize in very short times, making the observation of intermediate changes in 
the interface more difficult. The RBS analysis confirms that the interface region 
disappears after 7 minutes annealing at the highest temperature.
4.3. Waveguide Design
The choice of waveguide dimensions can greatly influence the performance of a 
Bragg grating device, as these are directly related to how electromagnetic field 
distribution interacts with the refractive index perturbation. Many papers reviewed in 
literature tend to employ relatively large waveguides, with waveguide widths around 
2pm and overall silicon thickness larger than 2.5pm. Large waveguide dimensions 
can be beneficial for grating devices as they allow a wide grating area, thus 
maximizing the interaction with light. Another explanation might be that larger 
waveguides are comparatively easier to fabricate than smaller ones.
Employing large silicon waveguides is not beneficial only for grating devices as 
many authors proposed the possibility of using large SOI devices which would still 
satisfy single mode conditions. On the other hand, the recent trend towards 
miniaturization is driving many photonic devices to dimensions below 1 pm. This is 
mainly due to the fact that Silicon photonics has to succeed in the challenge of larger 
scale integration. As mentioned in the literature review chapter, the current design 
trend for integrated silicon photonic devices is towards sub micron dimensions, for 
example to improve integrated silicon modulators [11]. While smaller devices are 
potentially more exposed to polarization and loss issues sueh, and require stricter 
processing eontrol, they also yield potentially higher efficiencies. Periodic structures 
with submicron dimensions such as those by presented by Gnan et al [12] often 
possess heavily confined radiation, thus requiring shorter lengths and increased 
coupling performance. We present two different waveguide designs in this work.
The first waveguide design has been designed following the guidelines presented by 
Chan et al [13] and Headley et al [14] and featured micron scale rib waveguides, as 
shown in figure 4.25.
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Figure 4.25. Schematic of the simulated waveguide for the first grating design
The second waveguide design, shown in figure 4.26, is based on SOI silicon wafer 
with an BPI silicon thickness of only 0.4pm.
The reduced EPI thickness and small waveguide dimensions allow to choice of much 
lower implantation energy (12-50keV rather than 70-100keV), as the area targeted 
for the refractive index modulation is proportionally bigger if compared to the 
overall waveguide dimensions. Lower implantation energy also allows reduction of 
the hardmask thickness down to 150nm, instead of 250nm, therefore simplifying the 
hardmask deposition process..
W = 0.5pm
D=0.2 pm
r
H=0.4 u
=1 pm
SiO ,
Figure 4.26. Schematic of the simulated waveguide for the second grating design
4.4. Grating Simulations
4.4.1. First design
By using the information for refractive index change presented in section 4.2.1, the 
coupled mode theory approach has been used to simulate the grating coupling 
efficiency. Grating coupling efficiency has been calculated for the chosen
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waveguides assuming an ideal rectangular grating profile and the change in refractive 
index change has been fixed to 0.5, as observed from the experimental data.
The grating period is related to the Bragg wavelength by the equation:
TT^^BraggA =  (4.2)
2 ^ e / /
where n ^ is  the effective index of the mode propagating into the grating, and m is the 
grating order.
In this work, the gratings are designed to operate at a wavelength of 1.55 pm and 
have a period of 230nm for the waveguide design.
The coupling efficiency of the grating, which has already been discussed in chapter 3, 
can be expressed as
iÇ E M xd y  • ’
Different grating depths have been analysed, in relation to the amorphous layer 
thickness which can be achieved by ion implantation, ranging from 50nm to 200nm. 
The overlap integral of equation (4.3) has been calculated by using the FIMMWave 
modal solver [15], which allows calculating the modal area.
Evaluating the grating coupling efficiency allows estimation of the grating extinction 
ratio for a fixed grating length. Figure 4.27 shows the coupling efficiency calculated 
for TE polarization for different grating depths, on the first waveguide design for 
different duty cycle values. The extinction ratio derived fi*om the grating efficiency is 
also shown in figure 4.27-b.
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Figure 4.27. TE polarization coupling constants for implanted Bragg gratings on a lum wide rib 
waveguide with 1.3um Si overlayer and rib 0.7 etch depth (a), and related extinction ratio
estimated for 50% duty cycle (b).
The ion beam simulation previously discussed shows that, due to damage broadening 
below the mask, the duty cycle of the implanted grating is likely to be close to 60% 
for a 50% duty cycle starting pattern. This difference has a much higher impact for 
deeply implanted structures, as in the case of 150nm deep gratings. Therefore a 
change in the grating duty cycle can lead to a great difference in mode confinement, 
due to the large interaction between the optical mode and the implanted region.
For the same reason, as the grating depth increases, the efficiency curves start to 
display an asymmetry for larger values of duty cycle. This is due to the fact that the 
optical mode interacts with increasingly larger sections of higher refractive index 
material, in which the optical power concentrates. This is equivalent to an increase in 
the effective index of the mode, and therefore in a modification of the value of k  for 
higher duty cycles, which in turn is more evident for higher grating depths.
The change in efficiency allows understanding of how the damage distribution can 
influence the efficiency of an implanted Bragg grating. On the other hand, a very 
high efficiency can be related to undesirable spectral characteristics, such as an 
excessively broad stopband and increased sidelobe oscillations, as well as a more 
complex fabrication.
At 50% duty cycle the theoretical grating efficiency for TE polarization is 13cm'* for 
30keV implantation energy, and 57cm'' for 50keV. The coupling efficiency is 
107cm * for 125nm (90keV), and increases further to 150nm grating depth (lOOkeV), 
reaching 193cm'*.
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For very large grating depth, the grating transmissivity goes to 0, so the ER is 
theoretically infinite for longer grating lengths.
Figure 4.28 shows the same grating efficiency calculated for TM polarization. Due to 
the different electromagnetic field distribution inside the waveguide, the TM 
interacts less efficiently with the grating perturbation, yielding a coupling efficiency 
which is approximately three times lower when compared to the same TE case.
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Figure 4.28. TM polarization coupling constants for implanted Bragg gratings on a lum  wide 
rib waveguide with 1.3um Si overlayer and 0.7 etch depth (a), and related extinction ratio
estimated for 50% duty cycle (h).
At 50% duty cycle the theoretical grating efficiency for TE polarization is 14cm'^ for 
30keV implantation energy, and 47cm'* for SOkeV. The coupling efficiency increases 
to 79cm'* for 125nm (90keV) grating depth, and 129cm * for the 150nm grating 
depth (lOOkeV),
During hardmask fabrication a grating pattern is etched on the silicon dioxide 
overlayer on top of silicon in order to obtain a template for ion implantation. 
Depending on the available etching equipment, the selectivity of the oxide etching to 
silicon can vary considerably [16]. The CHF3 process available at the time at 
University of St. Andrews had a selectivity of 5:1 [17]. In the case of poor process 
control there is a possibility that the silicon could be accidentally etched for a small 
depth. It is necessary to take into account the contribution of a possible unwanted Si 
etching to the grating response in order to make sure that the response induced by the 
ion implantation is not corrupted by secondary factors.
Figure 4.29-a shows the calculated grating efficiency for a very shallow etched 
structure. In this case we assume that the reactive ion etching has penetrated further
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into the underlying silicon for 5nm, lOnm, or 20nm. Whereas a 5nm overetch in a 
SiOi/Si etching process is a possibility, a 20nm or even a lOnm overetch represents a 
worst case analysis of a process with poor control.
The Bragg reflection effect which we obtain in this case is determined by the 
refractive index contrast between the etched silicon and the air.
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Figure 4.29. TE polarization coupling constants induced by hardmask overetch on a lum  wide 
rib waveguide with 1.3um Si overlayer and 0.7 etch depth (a) and related extinction ratio 
estimated for 50% duty cycle induced by the waveguide corrugation (b).
The calculated efficiency shows that in the worst case, it is possible to obtain a 
coupling efficiency of 5cm'^ for a 20nm overetch. In order to compare this to the 
efficiency of the implanted grating we calculate the extinction ratio for each case and 
compare them to the least efficient implanted grating configuration for each case, 
which corresponds to the SOkeV implantation energy.
Figure 4.29-b shows a comparison between the calculated transmissivity for the three 
overetch cases and the 30keV implanted Germanium grating. It is possible to notice 
than a 50nm deep refractive index perturbation (SOkeV) yield a much higher 
extinction ratio if compared to its overetched counterparts, making the device 
virtually immune to overetch below 20nm for devices lengths above 1mm.
By repeating the same considerations for the TM polarization, it is possible to notice 
that the influenee of the overetch effect is more relevant, due to the different 
interaction with TM modes.
Figure 4.30-a shows the coupling efficiency calculated for the overetehed structures 
for TM polarization. The coupling efficiency due to the overetch in this case appears 
to be stronger than in the case of TE polarization.
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Figure 4.30. TM polarization coupling constants induced by hardmask overetch on a lum  wide 
rih waveguide with 1.3um Si overlayer and 0.7 etch depth (a) and related extinction ratio 
estimated for 50% duty cycle induced hy the waveguide corrugation (h).
As in the previous case, transmissivity and extinction ratio can be eompared to the 
shallowest grating in order to identify the effect of fabrication tolerances over the 
implanted gratings. It is possible to notice that, as the TM implanted grating 
efficiency is lower, the transmissivity for the 20nm etching case is closer to the 
SOkeV implanted case (figure 4.30-b).
By comparing the different extinction ratios it is possible to see that the 20nm 
overetch produces an extinction ratio which is only lOdB smaller than the implanted 
grating in case the overall length of the structure reaches 2mm, therefore process 
control is an especially critical issue in this case.
4.4.2. Revised device design
The alternative design proposed here has the aim of bringing the device dimensions 
below the mm size in order to improve design efficiency and reduce implantation 
energy, as a reduction in the waveguide dimensions greatly influences the interaction 
between the propagating modes and the grating perturbation.
As the fabrication of these devices was part of a larger fabrication run, it was 
requested that the Bragg gratings would have to operate at 131 Onm wavelength. This 
is necessary to guarantee uniform requirements for the deep UV processing step, thus 
the Bragg gratings would have a period of 212nm.
As the waveguide dimensions are considerably smaller, the ion implantation 
condition must be reviewed in order to ensure consistency with the new structure.
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As the silicon EPI thickness is only 400nm, the implantation energies have to be 
consistently reduced in order to avoid excessive losses and straggling inside the 
target. Simply using the previous implant conditions would mean that the ions could 
easily penetrate inside the waveguide and reach the buried oxide.
For this reason the choice has been limited to only three different implantation 
energies: 12keV, SOkeV and SOkeV. This means that the grating depth, or amorphous 
layer thickness, would be limited to 70nm.
Following the alternative waveguide design, figures 4.31 and 4.32 show the 
calculated grating efficiency for an implanted Bragg grating for TE and TM 
polarisation respectively. The refractive index perturbation analogous to the one 
presented in the ellipsometry section, and rib waveguides dimensions are as shown in 
figure 4.26.
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Figure 4.31. TE polarization coupling constants for implanted Bragg gratings on a O.Sum wide 
rib waveguide with 0.4um Si overlayer and 0.2um etch depth (a), and related extinction ratio
estimated for 50% duty cycle (b).
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Figure 4.32. TM polarization coupling constants for implanted Bragg gratings on a O.Sum wide 
rib waveguide with 0.4um Si overlayer and 0.2um etch depth (a), and related extinction ratio
estimated for 50% duty cycle (b).
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Smaller waveguide dimensions allow obtaining a consistently higher mode 
confinement, thus the mode coupling for these devices is consistently higher.
As the efficiency of the grating is greatly improved, the sensitivity of the device to 
the overetch is also increased. For this reason stricter overetch values have to be 
considered. We investigate the influence of overetch values of 3nm, 6nm, and lOnm. 
Figure 4.33 shows the coupling constants calculated for the TF polarization for the 
perturbation caused by the superficial corrugation. The coupling constant calculated 
in this case can reach a maximum of nearly 70cm'^ for a duty cycle of 60%.
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Figure 4.33. Calculated extinction ratio for devices operating at 1310nm wavelength and TE 
polarization (212nm) (a) and related extinction ratio estimated for 50% duty cycle induced by
the waveguide corrugation (b).
Figure 4.33-a shows a comparison between the transmissivity the shallower 
implanted grating (worse case) and the three overetch depths, having considered TF 
polarization.
The extinction ratio calculation in figure 4.33-b shows that the grating extinction 
ratio is at least lOdB larger than the overetched grating extinction ratio for longer 
grating lengths.
Figure 4.34 shows the coupling constants calculated for the TM polarization for the 
perturbation caused by the superficial corrugation, showing that in this case the 
device would be more sensitive to the effect of fabrication tolerances. Figure 4.34-a 
shows that the coupling constant for a lOnm overetch can be as high as 200cm'* for a 
60% DC. Figure 4.34-b shows that a lOnm overetch could induce a parasitic 
coupling constant comparable to the one produced by a 12keV implant, imposing an 
overetch requirement below 6nm.
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Figure 4.34. Calculated extinction ratio for devices operating at 1310nm wavelength and TM 
polarization (212nm) (a) and related extinction ratio estimated for 50% duty cycle induced by
the waveguide corrugation (b).
The reduced waveguide dimensions and BPI thickness of 0.4)xm allow an improved 
grating efficiency even for lower implantation energies. Implantation energy of 
12keV results in a perturbation depth of 25nm, SOkeV allows a perturbation depth of 
50nm and 50keV produces a perturbation depth of 70nm.
Following this analysis 200nm, 400nm and 600nm grating lengths have been chosen 
in order to yield a minimum extinction ratio of 15dB, and at least 10 times bigger 
than that caused by a Sum overetch for the lowest energy (depth) considered (12keV). 
Short lengths such as 50nm and lOOnm length (theoretically) yield a high extinction 
ratio (>40dB) at higher energies (30-50keV). 1mm length has been introduced as 
backup.
4.5. Chip layout overview
4.5.1. First design
The first chip layout was based on rib waveguides from the first design. The 
waveguides have been defined by drawing 10pm trenches on the mask and have a 
centre to centre spacing of 100pm.
Alignment marks have been introduced on the mask in order to facilitate pattern 
alignment during e-beam patterning. The alignment marks have micron scale features 
and are also repeated periodically with a step of 100pm, as shown in figure 4.35.
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Figure 4.35. Sample image from the design CAD file showing a waveguide and alignment marks.
Mode matched tapers have been provided at waveguides input and output to facilitate 
light coupling. The taper has been designed by employing the rules outlined by Winn 
et al [18]. In this analysis conducted using coupled mode equations, the authors 
suggested that the tapering angle for this kind of structure should be lower than 1 ° in 
order to provide negligible power loss (as shown in figure 4.36).
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Figure 4.36. Proposed taper structure
For a starting 3 pm wide section the latter condition is satisfied for a 500pm taper 
section.
The waveguide pattern was designed by using Tanner L-Edit layout CAD [19]. 
Figure 4.37 shows the waveguide trenches with the waveguide in the middle. 
Alignment marks provided on the whole wafer with a periodicity of 100pm in 
horizontal and vertical directions facilitate the alignment for the e-beam lithography.
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Figure 4.37. Taper section at the beginning and end of each waveguide
The grating layout is comprised of the repetition of three grating groups each formed 
by four gratings of four different lengths of 250pm, 500pm, 1mm, 2mm and three 
different duty cycles 50%, 65%, and 80%, for a total of 12 devices, as schematically 
shown in figure 4.38.
250jjm-2000|jm, 80%DC, A =230nm
250|jm-2000pm, 65% DC, A =230nm
^ 250pm-2000pm, 50% DC,A=230nm
Figure 4.38. First layout design
Each group was repeated on the die for four times for a total of 48 gratings. Each 
device is alternated with a blank waveguide in order to normalize the grating 
response and the device losses.
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Figure 4.39. Example of grating layout from the first layout
In order to calculate implanted area losses four windows have been inserted in the 
device layout. These regions were left for broader area implants and have lengths 
comparable to those of the gratings. The analysis of light propagation through 
implanted waveguides was used to estimate the losses induced by the amorphous 
layer.
The grating patterns, as well as the “open window” sections, are 10pm wide. This 
allows minimizing the effect of a potential alignment error during electron beam 
lithography patterning
4.5.2. Revised design
The second layout is based on devices which would have an increased efficiency. 
The layout organization has been simplified, with overall shorter grating length. 
This layout has 4 groups of gratings with pitch 212nm to operate at 131 Onm 
wavelength and duty cycle varying from 50% to 80% with step of 10%. The duty 
cycle variations were included in the design in order to account for changes in the 
photolithography size. The grating lengths are 50pm, 100pm, 200pm, 400pm, and 
600pm. A 1mm length is introduced as backup in case the grating efficiency would 
result to be much lower than predicted. An additional set of gratings have been 
introduced on the chip to be tested at 1350nm in case testing of structures at 1310nm
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failed. These grating have same features of the previous ones, except for the grating 
pitch which is 220nm.
A P  C 1
O A 'ÎS °A '
Figure 4.40. (a) Second layout design (a), Example of grating layout from the first layout (b) 
Summary
This chapter has presented the results for ion implantation simulations and grating 
modelling. The initial part of the chapter has been devoted to comparison of the 
damage distributions produced by different ion speeies, with the aim of comparing 
the effect produced by each ion type while producing the same amorphous layer 
thickness. These simulations highlighted how using ions heavier than Ge is not 
always beneficial. Although heavier ions can potentially lead to a slightly reduced 
interface between amorphous to crystalline silicon, they generally require higher 
energy to produce the same amount of amorphous layer thickness, thus leading to 
inereased damage spread under the mask. This leads to the choice of germanium as 
the primary implantation species for the experiments, since this ion also retains the 
requirement for CMOS compatibility. In order to validate ion implantation results the 
chosen ion implantation conditions have been used in test implants. The analysis of 
test implants has been completed with a Rapid thermal Annealing study in order to 
investigate the possibility of thermally erasing the implanted Bragg gratings.
Results obtained from the test implants show how the refractive index change at 
near IR wavelength can be used to design implanted Bragg gratings. The refractive 
index change measured has been used in the simulation of rectangular profile
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gratings in order to predict theoretical grating efficiency, although at this stage no 
information was available on the grating optical losses, and therefore the simulation 
results are likely to produce higher grating efficiencies than the real devices.
The chip layouts are also briefly discussed, showing how the grating lengths have 
been dramatically reduced in the second design, if compared to the first.
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CHAPTERS: Fabrication 
Introduction
This chapter is dedicated to the analysis of the fabrication procedures employed for 
implanted Bragg grating fabrication.
The first part of the chapter present the process flow employed for the first devices 
design, focusing on the electron beam lithography process development carried out at 
University of Surrey, as well as the fabrication in collaboration with University of St. 
Andrews.
The final part of the chapter is dedicated to the discussion of the process flow 
employed for the second device design, which has been supported by the Intel 
Corporation.
5.1. First design process flow
Two different fabrication routes have been employed during the development of this 
project. The first fabrication route was using in the initial phase of the project in 
order to fabricate a reduced number of devices while allowing a higher flexibility for 
grating patterning. This process relied on the use of electron beam lithography.
The second fabrication route relies on deep UV lithography, allowing lower 
flexibility in the choice of grating features but greater repeatability and higher 
processing volumes. This technique was used in a later stage of the process, after the 
first “prototype” devices were successfully tested.
Both fabrication processes were designed to be compatible with standard silicon 
micro-fabrication techniques for waveguides and gratings patterning, as well as 
CMOS compatible ion species.
Figure 5.1 shows the process flow for the electron beam lithography process.
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Figure 5.1. Overview of the process flow based on electron beam lithography.
A. Photoresist spinning
B. Rib waveguide photolithography patterning
C. Rib waveguide etching
D. Si02 hardmask deposition
E. Electron beam lithography patterning
F. Hardmask etching
G. Ion implantation
H. Hardmask strip
The starting material is an SOI wafer with a 2pm thick crystalline layer (step 1) and 
1pm buried oxide layer. The crystalline layer is oxidized and thinned by HF wet 
etching in order to reduce it to the desired H=1.3 pm value.
5.2. Processing steps
5.2.1. Photolithography
Waveguide are defined through standard photo-lithographic technique. Photoresist is 
spun onto the top of the wafer and baked to eliminate residual solvents. For this kind 
of structure a positive resist is usually employed, meaning that the areas exposed to 
the UV radiation will be removed during resist development.
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A single die unit is imaged as an array on the wafer by using a photolithography 
stepper. This system involves the periodic exposure of a single mask cell as an array 
on the wafer, rather than usage of a dedicated mask. The final step in this phase is 
photoresist exposure. As the exposure process is always subject to small fabrication 
tolerances, even in a state of the art facility, a number of variations can be 
implemented in the process to ensure that the target features are achieved and to 
maximize repeatability. In order to identify small accidental variations in device 
dimensions, different exposure times can be experimented during preliminary 
fabrication runs. Alternatively, a small dimension bias can be implemented directly 
into the device design provided that the fabrication tolerance is known in advance. 
After the patterning is complete, the exposed resist is removed by using a suitable 
developer solution, and subsequently hard baked to improve resist adhesion and 
resistance to etching.
5.2.2. Etching
There is a variety of wet and dry etching technique that can be implemented in 
material processing, the principle of all these techniques is that the material in areas 
not protected by photoresist (or any other masking material) will be removed due to a 
selective chemical reaction, allowing transferring an integrated device pattern to a 
semiconductor substrate after it has been imaged by photolithography. The 
implementation of wet etching techniques is based on selectively removing the 
unprotected material by liquid etchants such as Hydrofluoric acid (HF) or potassium 
hydroxide (KOH). Due to the nature of these techniques the etching process is 
isotropic and offers limited control in integrated optical devices manufacturing. On 
the other hand, dry etching techniques such as reactive ion etching (RIE) and 
inductively coupled plasma etching (ICP) are based on chemical reactions that can 
take place in a highly ionized gas environment (plasma). These kind of etching 
techniques allow a high range of variations that are controlled via the process 
parameters (gas flow, gas switching, pressure, applied voltage) therefore allowing 
control of etch aspect ratio, anisotropy, and selectivity to the substrate. A common 
dry etch recipe employed for fabrication of silicon waveguides is the Bosch Process
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[1] which is based on alternating SF6 (etchant gas) and C4F8 (passivation gas) in 
order to achieve vertical etching profiles.
A popular choice for SiOz etching is represented by recipes employing a mixture of 
C H F 3  and Ar.
5.2.3. Chemical Vapour deposition
Chemical vapour deposition is used to deposit material in the form of thin films on 
the surface of a wafer. An additional layer of silicon dioxide is deposited on top of 
the waveguide to serve as a hardmask. Figure 5.2 shows a schematic waveguide 
cross section in which all the features controlled during fabrication are highlighted
[2].
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Figure 5.2. Critical features of the fabricated waveguides [2]
In order to ensure consistency with the design, the silicon and deposited oxide layer 
thieknesses are measured immediately after processing.
Figure 5.3 shows an SEM image of a cleaved device. The picture shows that the 
silicon dioxide overlayer is thinner than expected (220nm). The waveguide etch 
depth (D) is 0.67pm, the slab height (h) is 0.65pm. The waveguide dimensions show 
good agreement with the expected design.
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0.22pm
Figure 5.3. SEM waveguide cross section from the first waveguides fabricated by Intel
Corporation
Figure 5.4 shows a SEM photograph of the complete waveguide chip. The black 
lines in the figure represent the etched trenches. The actual waveguide is visible as a 
very thin white line in the middle of the trenches (black color). The alignment marks 
are visible on the wafer surface.
Eigure 5.4. SEM overview of the waveguide die fabricated by Intel Corporation. Alignment 
marks are visible between the waveguide trenches
5.2.4. Electron beam lithography
Grating fabrication by electron beam lithography is one of the main challenges in this 
project, considering that this technique has a very low throughput in terms of number 
of samples fabricated and imaging time, and depends on many critical factors.
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A variety of different e-beam recipes have been tested at University of Surrey in 
order to determine the optimal condition for Bragg grating patterning. The resist used 
was PMMA 950K from Microchem [3] diluted at 4% and 7% in anisole, as this 
specific formulation allows achieving high resolution features. The machine used for 
e-beam lithography is an FEI Nova Nanolab 600 equipped with NPGS pattern 
generator software [4].
The first experiments were conducted by investigating a broad range of process 
conditions, while trying to pattern first, third and fifth order gratings.
The grating patterns were drawn in a GDSII CAD file by using EDA-Tanner L-edit 
software and converted to DC format and finally employed to build a RUN file in the 
NPGS program.
Clean silicon samples were spun with PMMA 950K and the patterned by electron 
beam and developed. Since it is not possible to image a resist pattern with an SEM 
(as this would mean exposing the pattern a second time), the pattern was later 
transferred into silicon by an ICP plasma etching step based on SFg and C4Fg. In the 
case of success, the process would have been repeated on an SiOz substrate.
Electron beam lithography is a particularly sensitive process. The parameters 
affecting a successful e-beam process are:
1. Beam current.
2. Area dose/ Exposure time
3. Beam voltage.
4. Resist thickness and resist spinning conditions
5. Machine calibration
Process characterization is a crucial step before any patterning can be successfully 
produced.
The beam current available for electron beam lithography on SEM based machines 
varies between 20nA and 50nA. In the case of the FEI Nova Nanolab 600, the beam 
current varies between 18nA and 40nA, and the exact value is determined by 
machine calibration. During the calibration phase, a more precise alignment results in
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a higher beam current, and thus in a better imaging capability, although this may 
result in a loss of resolution caused by increased electron diffusion.
The source voltage available from the Nova Nanolab varies from a few hundred eV 
up to SOkeV. The highest resolution achieved with an SEM based electron beam 
lithography system has been reported to be around lOnm [5], although results are 
highly dependent on the specific pattern imaged.
NPGS [4] provides a set of starting conditions depending on the features required 
from the patterning. Although this is a useful starting point, it is also necessary to 
remember that processing conditions vary greatly depending on the specific machine 
used and the sample preparation.
Table V I. Starting conditions for electron beam lithography suggested by NPGS [4] for
different feature sizes
S u b s t r a te L in e w id th B e a m  E n e r g y - D o s e
Si < 5 0  nm 30  kV 1 nC/cm
Si ~  1 nm 30  kV 300 pC/cm^
Si ^ > 1 urn 2 0  kV 160 pC/cm^
GaAs+ < 50  nm 30 kV 1 nC/cm
GaAs^ > 1 pm 2 0  kV 150 pC/cm^
Characterizing an electron beam lithography process therefore often involves 
experimenting with a range of different exposure conditions. Larger features (micron 
scale or slightly below the micron) are generally easier to pattern as they are less 
influenced by small process variations. On the other hand, as the features are reduced 
below the micron scale the process becomes increasingly sensitive to resist thickness, 
exposure parameters and resist development time, making characterization a much 
delicate task. It is usually good practice to start the characterization from bigger (and 
less sensitive) features, and refine the process after the first successful patterns are 
obtained.
The first experiments aimed to identify the best process parameters, starting from 
resist dilution level and resist spinning speeds.
Different resist spinning conditions have been tested for these experiments. Figure 
5.5 shows the different PMMA thicknesses obtainable by spinning 950K resist with 
different dilutions. The resist thickness is inversely proportional to the percentage of 
anisole in the dilution and to the spinning speed.
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Figure 5.5. Spin speed and film thickness for 950K PMMA in anisole at different dilutions [3]
The choice of electron beam resist is influenced mainly by the resolution that the 
patterning requires. It is generally recommended to use a thinner resist layer (200nm- 
400nm) in order to pattern sub micron size features. On the other hand a reduced 
resist thickness can be problematic if the sample has to be etched afterwards. Again, 
the process development is this case becomes a compromise between the desired 
feature resolution and the etch depth. As the hardmask patterning required a 
relatively shallow etch (200nm-300nm) a 400nm resist thickness would ensure a 
good compromise between the desired feature size (lOOnm in the most demanding 
case), and the etch depth. Assuming a worst case scenario in which the selectivity to 
the resist would be 1 to 1 (meaning that 300nm of silicon dioxide would be removed 
along with 300nm of resist), 400nm thick resist would allow defining of the grating 
pattern before exposing the wafer surface completely. The dilution considered in the 
experiments were therefore 2%, 4% and 7%, as these formulation allow the required 
resist thickness to be obtained.
In order to improve resist adhesion to the sample, the substrate is first cleaned by 
using a succession of acetone, methanol and distilled water for 5 minutes each. 
Subsequently the substrate is ashed in oxygen plasma at lOOW for ten minutes. The 
resist is deposited on the sample by spinning two 200nm layers one after another. It 
has been found that this procedure improves resist uniformity as a single 400nm 
layer spun at 2000rpm has been demonstrated more problematic when patterning 
smaller features. On the other hand, spinning a sample two times has an increased 
risk, since it doubles the possibility of dust contaminating the sample.
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After resist spinning samples were soft baked for 90 seconds at 180C on a hotplate. 
After patterning samples were developed for 30 seconds in a 1:3 MIBK:IPA solution 
and hardbaked at 100°C for 90 seconds.
To obtain consistency between the different sets of experiments a custom sample 
holder was fabricated (figure 5.6). The sample holder contains a calibration sample 
made of tin nanospheres of different sizes and a faraday cup (figure 5.7).
bon Stan
Figure 5.6. Custom SEM stub designed at University of Surrey containing a Faraday cup for 
beam current calibration and a tin calibration standard for optics calibration
The faraday cup allows the detection of variations in the beam current. Monitoring 
the beam current allows the introduction of a correction factor in between different 
writing sessions, allowing consistency in the current values between each exposure.
m.
Figure 5.7. SEM image of the faraday cup placed on the custom microscope stub (a), SEM 
imaging for the tin calibration sample placed on the custom stub (b)
Once the beam current is known it is possible to calibrate the machine so the area 
dose is kept constant even if there is a current fluctuation. The tin ball calibration 
sample allows tuning the beam characteristics in order to obtain an undistorted image
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of the pattern. At this stage the stigmation and the focus of the beam ean be adjusted 
in order to obtain a clear picture of the sample. The tin nanospheres can be used as a 
reference to ensure that the beam shape is not elliptical. A circular beam properly 
focused on the sample will show a clear picture of the nanospheres with no shape 
alterations.
Initial experiments carried out at University of Surrey aimed at investigating the 
effect of area dose variations between 210pC/cm^ and 300pC/cm^ on different 
feature sizes, from fifth order gratings (1.15pm grating pitch) and third order grating 
(690nm grating pitch), down to first order gratings (230nm pitch) with 50% duty 
cycle.
The optimal resist thickness for these devices was identified as a 400nm layer of 
950K PMMA diluted at 4% in anisole. The optimal exposure conditions were 
identified as 225pC/cm^ for 5* order gratings and 255pC/cm^ for fifth order gratings, 
both with a 30keV acceleration voltage and an 18nA beam current. Pattering of first 
order grating was initially largely unsuccessful, as later discussed.
After the patterns were imaged in electron beam resist, they were transferred to the 
underlying silicon substrate by using a SFe and C4F8 based etching process.
The higher order grating patterns produced after identifying optimal processing 
parameters are shown in figure 5.8
(a) (b)
Figure 5.8. Test fifth and third order gratings pattern fabricated in silicon at University of 
Surrey by electron beam lithography.
Another possible approach to reduce the resolution limitations is to fabricate larger 
mark-to-space ratio structures (as shown in figure 5.9). This theoretically reduces the
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efficiency of gratings, while benefitting the ease of processing. Figure 5.9-a and 5.9- 
b shows an 80/20 mark to space ratio third order grating hardmask in which the 
exposed area has been extended up to 552nm, fabricated at University of Surrey.
(a) (b)
Figure 5.9. Fabrication of 80% duty cycle third order grating at University of Surrey during
(test sample etched in silicon)
These experiments highlighted a major resolution limitation with feature size below 
300nm. Figure 5.10 shows the first attempts to fabricate first order gratings.
Spotj Mag I WD Tilt HFW ■*—
(a) (h)
Figure 5.10. First attempt of fabricating a first order grating at Surrey showing underexposure
pattern (test pattern in silicon)
First order grating fabrication has been extensively tested by sequentially changing 
all the process parameters, including resist thicknesses and concentrations, resist 
baking times, resist developing times and exposure parameters. In all cases the
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patterns appeared either over-exposed (as in figure 5.11-a, for 300pC/cm^) or under­
exposed, as shown in figure 5.11-b.
5 18.40 PM lO O kV  3 0 706
(a) (b)
Figure 5.11. Overexposed first order grating patterns fabricated at University of Surrey (test
pattern in silicon)
The previous set of experiments highlighted that obtaining a lOOnm resolution with 
this kind of technique was not feasible, and a more drastic change in the process was 
required.
In this situation, the best strategy for reducing the feature size of the pattern is not to 
define the desired pattern on a CAD file, but rather to produce a biased pattern were 
the actual grating has been replaced with lines of reduced thickness (usually lOnm 
wide) that will be overexposed during the writing, as schematically shown in figure 
5.12. With this approach the feature size of the device is not directly determined by 
the information in the CAD file, but rather imposed by the process parameters 
variations.
In order to gain confidence with this kind of process on overexposure test has to be 
conducted to determine which exposure rates are necessary to obtain the desired 
feature. A schematic representation of this approach is depicted in figure 5.12.
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Figure 5.12. Alternative approach used to improve the resolution of the patterned features
As a basic requirement, the pitch of the exposed features must be the same of the 
grating. This kind of study also required a more subtle parameter investigation if 
compared to the previous test studies. Specifically the beam dose interval has been 
increased from 240pC/cm^ up to 600pC/cm^, in order to account for the over­
exposure.
Figure 5.13 shows the smaller features obtained at University of Surrey by e-beam 
lithography fabrication for a 550pC/cm^ beam dose. The grating has a period of 
200nm.
Figure 5.13. First order grating fabrication at University of Surrey (test pattern in silicon)
The process characterization conducted at University of Surrey by using the FFI 
Nova 600 ultimately showed some intrinsic limitations of the available equipment. 
This machine would allow production of a short grating, due to the limited field of 
view (100pm x 100pm) and due to the absence of a stitching error control system.
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5.2.5. Pattern alignment
The objective of this study is to pattern grating in correspondence of the buried rib 
waveguides structures. Alignment tests have been conducted at University of Surrey 
in July 2008 in order to demonstrate that gratings can actually be patterned in the 
appropriate location on the chip.
Alignment to the waveguide can be performed in two ways. In the first case, a fully 
automated routine can be inserted in the electron beam processing stating the 
distance between each waveguide. In this case the alignment is performed only once 
by choosing a feature on the chip, as the one previously shown in figure 5.4. After 
each grating patterning the stage will translate over the next waveguide and repeat 
the writing. This alignment procedure is reliable only if the equipment stage control 
is very precise. As grating patterns are generally more than 10 times wider than a 
waveguide, the misalignment error that can be tolerated is of a few micrometers. The 
stage error during translation is below 500nm, rendering the possibility of 
misalignment from the waveguide relatively small, although this error may add up in 
absence of an error correction routine, causing loss of the alignment after several 
patterns have been completed, as shown in figure 5.14-a.
'A
«l'art
(a)
IC03)l?2SISi
(b)
E.3S1
Figure 5.14. Waveguide alignment experiment conducted at University of Surrey in July 2008. 
The grating in the pictures are patterned in PMMA but not etched.
Alternatively manual alignment is done by positioning the SFM on a known location 
on the chip, usually in correspondence of an alignment mark. After this, the electron 
beam is blanked, in order to avoid unwanted imaging of the resist and the stage is 
translated on the adjacent waveguide position, which has been fixed at 100pm in the
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design, and the grating is patterned. After each pattern the stage has to be manually 
realigned to the next control feature and translated again to the successive waveguide. 
Figure 5.14-b shows third order gratings patterned and developed into PMMA on a 
waveguide sample provided by Intel Corporation. After development the samples 
have been analyzed with an optical microscope in order to check the position of the 
grating. The experiment shows good repeatability, although this procedure is not 
automated, thus the user’s experience in using the equipment is fundamental.
5.3. Microfabrication at the University of St. Andrews
Devices have been patterned on the chips provided by Intel Corporation by using the 
e-beam system at University of St. Andrews, constituted of a Leo Gemini 1530 SFM 
system (figure 5.15), complemented by a Raith Flphy [6] automated stage control 
(figure 15). The machine has a writing field of lOOpmx 100pm, an accelerating 
voltage of 30keV.
The Raith movement control and stitching error correction system eliminates many 
of the limitation previously described, allowing automated alignment procedure and 
preventing stitching errors.
Figure 5.15. Raith/Elphy system used for electron beam lithography at university of St.
Andrews [7].
A first set of devices has been produced by patterning the hardmask on the 
waveguides supplied by Intel Corporation.
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The samples processed at University of St. Andrews have been patterned using 
undiluted ZBP520 [8 ] electron beam resist. This resist has a slightly lower resolution 
than PMMA, but possesses increased resistance to etching processes, which is ideal 
for prolonged SiOi etch processes. As in the case of the PMMA, ZEP520 spin curves 
are supplied by the manufacturer, as shown in figure 5.16.
The samples are ashed in oxygen plasma at lOOW for 10 minutes in order to improve 
resist adhesion and are subsequently spun for 1 minute at 3250rpm, yielding a resist 
thickness of approximately 380nm. The pattern has been written on the 380nm 
ZEP520 layer by using an overexposure technique similar to the one described in the 
previous section.
ZEP520A Spin C'urvc
-^ /IF 5 2 0 A  
- * -Æ F.^20A-7
Spm speed (r.p.m.)
Figure 5.16. Thickness and spin speed for Zeon ZEP520 [8]
For this reason the beam dose used for the fabrication is defined as “line” dose 
400pA/cm. Furthermore, dose variations were introduced on the same chip in order 
to prevent deterioration of the pattern. The current variation used was 400pA/cm, 
500pA/cm and 600pA/cm. The samples were developed in a Xylene ultrasound bath 
for 30s and rinsed in distilled water afterwards.
The grating pattern is etched in the Si0 2  hardmask after e-beam lithography by using 
a CHFg/Ar process.
The hardmask has been etched by employing 200sscm of CHF3 , 500sscm of Argon, a 
power of 30W, and a pressure of 2.4x10'^mB for 60 minutes. A low power/high gas 
flow process allows to increase of the verticality of the sidewalls at the expense of 
longer processing times.
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Figure 5.17 shows the latest results which have been used when patterning the actual 
devices.
S 4 8 0 0  2 .0 k V  2 .2 m m  xSOOk S E (U
Figure 5.17. Etch test conducted on SiO  ^for device fabrication
The initial device design included first, third and fifth order grating and a variety of 
device lengths. The shorter devices had a length between 100pm and 700pm with a 
100pm pace. There were also longer devices with 1mm, 1.5mm 2mm and 4mm 
lengths. The grating period was fixed at 230nm and the grating duty cycle fixed at 
50%. Figure 5.18 shows different SFM imaging of the different order gratings 
produced.
The wide variation in lengths was justified by the fact that the initial implant 
condition included implantation energies down to 12keV in order to minimize losses. 
A shallow implant therefore required increased device length.
Figure 5.18. First order grating fabrication. Target duty cycle 50%, effective duty cycle 59%
(137nm)
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300nm EHT« 20.00 kV Signil A = lnL*ns Date :6 Jun 2008
Mag = 53.49 K X j--------------------1 WD » 7 mm Gun Vacuum = 2.84e-009 mBar Time :16:01:26
Figure 5.19. Third order grating fabrication. Target duty cycle 50%, effective duty cycle 50.4%
(348nm)
aOOnm EHT» 20.00 kV Signal A = InLens Date ;6 Jun 2008
Mag = 23.28 K X j  WD « 7 mm Gun Vacuum* 2.91 e-009 mBar Time :15:58Æ2
Figure 5.20. Fifth order grating fabrication. Target duty cycle 50%, effective duty cycle 55%
(634nm)
The devices were implanted at University of Surrey Ion Beam Centre by using the 
Danfysik 1090 ion implanter with germanium ions at a dose of lO^^ions/cm^, and 
energies of 50keV, VOkeV, and 90keV.
The choices made in this first fabrication attempt have proved not to be very efficient. 
The excessive length of some of the devices made the patterning problematic. 
Moreover these devices contained a large number of stitching errors, probably 
related to the accumulation of alignment errors in the automated process.
Figure 5.21 shows an SFM imaging of some of the non functional devices. The 
stitching error proved to be several periods wide (fig. 5.21-a), and repeated over each 
field of view (fig. 5.21-b).
162
Erasable Bragg gratings in SOI Chapter 5: Fabrication
Figure 5.21. SEM imaging of the grating fabricated at during the first run. The devices have 
been heavily compromised by the stitching error.
A second fabrication run was aimed at correcting the issues with fabrication and ion 
implantation highlighted from the previous samples. The lengths of the devices have 
been reduced to four different cases: 250pm, 500 pm, 1mm and 2mm. Higher order 
grating have been eliminated from the design in favour of different mark-to-space 
ratio for first order gratings, 50/50, 65/45 and 80/20 respectively, as shown in figures 
5.22-5.24. The grating period was still fixed at 230nm.
Different duty cycles allow more flexibility in tuning the electron beam lithography 
patterns, as current fluctuations can induce unexpected variations in the final feature 
sizes. The features were imaged by SFM after the hardmask etching and appeared 
slightly narrower than the desired size.
Figure 5.22. Grating hardmask with target 50/50 and effective 47 % DC
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Figure 5.23. Grating hardmask with target 65/45 and effective 51% DC
Figure 5.24. Grating hardmask with target 80/20 and effective 60% DC
Figure 5.25-a shows a broader view of the etched grating into SiOz (the waveguide 
appears as a brighter stripe below the oxide). Figure 5.25-b shows a greatly reduced 
stitching error on the patterns. The stitching error for these devices has been 
demonstrated to be < 115nm for each field of view. The period variation between 
each pattern belonging to the same group and with the same duty cycle is ±5nm. 
Figure 5.26 shows a “window” patterned on top of a rib waveguide, used to estimate 
the optical loses induced by ion implantation. Although the general layout of the 
design remained unchanged, grating length variability was reduced to reduce the 
frequency of stitching errors, as well as to decrease patterning times. Hardmask 
windows were also introduced in the fabrications. These windows have a length 
variation between 50pm and 2mm in order to guarantee sufficient variety in 
collecting optical losses data.
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Figure 5.25. SEM imaging of the grating fabricated at St. Andrews University in December 2008. 
Stitching errors on the grating fabricated at St. Andrews University in December 2008. The 
stitched sections have width between lOOnm and 200nm.
Figure 5.26. “Windowed” area for large area implants (actual devices).
The devices were implanted at University of Surrey Ion Beam Centre by using the 
Danfysik 1090 ion implanter with germanium ions at a dose of lO^^ions/cm^ and 
energies of 70keV and 90keV. Due to the very limited number of samples available, 
the lower energies implant conditions (50keV and below) were eliminated in favour 
of the higher energies, that would yield potentially higher grating efficiency.
5.4. Revised design fabrication
The revised design production benefitted from the support of Intel Corporation. As a 
result, rather than having the waveguides fabricated first and the electron beam 
lithography done externally, this process flow was entirely carried out in a state of 
the art fabrication facility. As a result the electron beam lithography process was
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substituted with a deep UV lithography process that would allow patterning the 
grating in a single step before waveguide fabrication, and the waveguide structure 
would subsequently be etched in correspondence of the implanted regions.
Figure 5.27 shows the process flow for the deep UV lithography process
I m p la n ta t i o n
E  y SiO,
Figure 5.27. Overview of the process flow based on deep UV lithography.
A. SiOi hardmask deposition + CMP to 250nm thickness
B. Photoresist spinning
C. Photoreists patterning (DUV lithography)
D. Hardmask RIF etching
F. Ion implantation
F. Hardmask strip
G. Photoresist spinning (not pictured) + rib photolithography patterning
H. Rib waveguide etching
If compared to the original process flow, this fabrication route is less prone to 
fabrication error, specifically because the electron beam lithography (indispensable 
in the prototyping phase) was replaced by a high throughput process such as deep 
UV lithography, which allows fabricating a high number of samples while 
dramatically reducing the processing time, whereas the remaining processing steps 
are substantially unaltered.
Figure 5.28 shows the SFM imaging of the patterned SiOi hardmask for different 
dusty cycle values. The deep UV lithography [9] employed in this fabrication run 
guaranteed a critical feature of 90nm. An inspection of the imaged samples shows
166
Erasable Bragg gratings in SOI Chapter 5: Fabrication
that the 50% and 60% duty cycles were reproduced with features very close to the 
design.
Figure 5.28. SEM image for the F4 structure duty cycle 50%, SEM image for the F9 structure
duty cycle 60%.
On the other hand, pattering of the 70% and 80% duty cycle devices proved 
problematic because of the limited spacing between the exposed grating features. An 
inspection of the imaged samples after the etching revealed that the 70% structures 
have not been imaged, whereas the 80% structures resulted underexposed, as shown 
in figure 5.29.
m-mi
■é f
Figure 5.29. SEM image for the F16 structure duty cycle 70%, the structure is not developed 
correctly, SEM image for the F23 structure duty cycle 80%, the structure is partially developed,
showing rough features
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Table I shows a summary of the imaged features across a sample chip on the 
processed wafer, with a comparison to target features. The summary shows that 70% 
and 80% duty cycle gratings have not been correctly imaged.
Table V II shows a summary of the imaged features across a sample chip for the revised design,
with a comparison to target features.
SOI V./ID; ARG. Resist. PS07SMS. Energy 14mJ Focus; -0.2um
OnMaskfrwn) Measured on wafer
SHuciuielO
Examined
Structure Penod
Unetched line
vndth Unetehed linewidtfr
F2-F7.F66-F71 F4- main 212 106 106
FS-FI3. F72-F77
F9-
secondar^ 212 35 33
F15-F20.F79-F54 F16 212 64 N,'A
F2t.F26. FS5-FOT F23 212 42 under expose - rough
F34-F39
F35-
secondary 220 110 116
F40-F45
F42-
secondary 220 33 86
F47-F52 F45 220 63 NA
FS3-FS8 FSS 220 44 under expose - rough
Devices have been inspected after waveguide etching and ion implantation. The area 
exposed to the implant shows a slight variation in contrast, as shown in figure 5.30- 
5.32.
Figure 5.30. SEM image for the F4 structure after ISkeV ion implantation and waveguide
etching
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Figure 5.31. SEM image for the F4 structure after 30keV ion implantation and waveguide
etching
Figure 5.32. SEM image for the F4 structure after 50keV ion implantation and waveguide
etching
5.4.1. TEM analysis of implanted gratings
After ion implantation, the devices fabricated with the support of Intel Corporation 
have been analyzed by TEM [10], as shown in figure 5.33.
Figure 5.33. TEM image for the F4 structure after 30keV ion implantation (a), detail of a single
grating “tooth”
169
Erasable Bragg gratings in SOI__________________________ Chapter 5: Fabrication
Figure 5.33-a shows an overview of the cross section of a device implanted with 
30keV energy, whereas figure 5.33-b shows the detail of a single grating “tooth”. 
The amorphous material pockets are clearly visible in the TEM images, as well as the 
end of range damage interface.
EBQ30 SB3S3 E^ B3 0^33
1Ü0 fjfn
Figure 5.34. TEM inspection of an implanted grating duty cycle. Devices vrith target DC 50% 
resulted to have an effective DC of 30%.
Figure 5.34 shows an evaluation of the grating features, confirming a grating period 
of 212±6nm, and demonstrating that the devices with a target duty cycle of 50% has 
instead a DC of 30%. As previously discussed in chapter 4, a smaller duty cycle will 
is associated with a lower grating efficiency.
The effective duty cycle reduction could be attributed to ion shadowing by the 
implantation hardmask, since the etched hardmask had a DC that matched the design 
guidelines, while the implanted device appears to have a smaller feature. Ion 
shadowing could be compensated by the introduction of a dimension bias in the 
hardmask design. On the other hand the grating depth appears to be controllable, as 
TEM imaging confirmed the expected 50nm grating depth for the 30keV energy 
implanted samples.
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Summary
This chapter has examined the two proposed fabrication process flow and the 
fabrication techniques relevant to the ion implanted Bragg grating manufacturing. 
The results obtained during process development for electron beam lithography at 
University of Surrey have been presented, demonstrating the achievement of a 
lOOnm features using the FEl Nova Nanolab.
Considerable effort has been put into electron beam lithography process development 
at University of Surrey, with the aim of producing high resolution photonic structures 
by using the FEl Nova Nanolab. The experimental work done at Surrey allowed to 
demonstrate the possibility of producing lOOnm device structures, which proved to 
be exceptionally challenging since the machine is not optimized for electron beam 
lithography. Working devices were not produced at University of Surrey, due to the 
repeatability issues associated to the use of the machine for different applications as 
well as for the absence of a high precision translation stage, although this provided 
substantial insight of the fabrication process.
Patterning results have been presented for both the proposed process flow. The first 
design fabricated with the support of University of St. Andrews suffered from 
stitching error issues. This led, in the final phase of the project, to the production of a 
revised process flow which substituted electron beam lithography with Deep UV 
lithography, greatly increasing the throughput of the fabrication process.
The TEM imaging of the implanted gratings demonstrated that it is possible to 
clearly observe the implanted amorphous pockets. Interestingly, although the 
hardmask template was confirmed to have a DC of 50%, the final DC of the 
implanted gratings appeared to be 2 0 % smaller, probably due to a shadowing effect 
of the hardmask features.
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CHAPTER 6: Results and discussion 
Introduction
In this chapter the optical testing of ion implanted gratings is presented, followed by 
optical losses considerations and annealing results that demonstrate the thermal 
erasability of the implanted devices. The first section of the chapter presents 
transmission and reflection results for the first grating design, presenting 
transmission data for the VOkeV and 90keV Ge implanted gratings, as well as 
reflection data for the 90keV gratings. These measurements are complemented by 
loss measurements obtained by the cutback method. Furthermore, a rapid thermal 
annealing study is presented for these devices. In the second section of the chapter 
we present the transmission results for the revised design devices fabricated on 
submicron dimension SOI rib waveguides, complemented by optical loss 
characterisation by Fabry-Perot resonance. The final part of the chapter illustrates the 
annealing results obtained by rapid thermal annealing (RTA), as well as laser 
annealing, for the latter devices.
6.1. Transmission Measurements
Implanted Bragg gratings have been tested by using the fibre coupled transmission 
setup described in chapter 4, using an unpolarized broadband light source, as 
minimizes the amount of FP parasitic resonance if compared to a tuneable laser 
system. The first devices were successfully fabricated in collaboration with the 
University of St. Andrews, although they were negatively affected by the limited 
beam time available for electron beam lithography, pattern processing issues which 
have been illustrated in chapter 5. As a result, a very limited number of samples were 
manufactured during the first fabrication run. These devices were implanted at the 
University of Surrey Ion Beam Centre with Ge ions at a dose of 10^  ^ions/cm^, and 
energies of VOkeV and 90keV. As previously described, devices are grouped in sets 
of 4 gratings, with grating lengths of 250pm, 500pm, 1mm and 2mm. A straight 
waveguide is located next to each device to allow data normalization. Groups of 4 
gratings are repeated throughout the chip with varying duty cycles (DC), specifically
173
Erasable Bragg gratings in SOI Chapter 6: Results and discussion
50%, 65% and 80%. This allows analysis of groups of devices that occupy the same 
area on the chip, allowing additional consideration on processing uniformity.
6.1.1. Design 1 -  70keV implant
Figure 6.1 shows the transmission measurements on devices implanted with Ge ions 
at dose lO^^ions/cm^ and energy 70keV. The gratings have a period A of 230nm and 
DC of 50%, with a target Bragg wavelength of 1.550pm. The majority of devices 
tested from this group displayed additional resonant peaks in the frequency response. 
The spacing and the distribution of the peaks has been attributed to stitching errors, 
as discussed later in section 6.1.2.
An extinction ratio of 4dB has been found for the shortest gratings (250pm), and an 
extinction ratio of lOdB has been found for the 1mm long grating implanted at 
70keV.
The 50% DC implanted gratings displayed the highest extinction ratio of 21dB for 
the 2mm long devices. The grating wavelength responses are consistently centred 
around 1.545pm wavelength for every measured device.
fi
E ■■'2
S  -14
I -16 
§ -18 
h= -20 
-22 
-24
7 0 k e V  - 5 0 0 n m  grating  len g th  
7 0 k e V  - tOOOum gratin g  len g th  
7 0 k e V  - 2 0 0 0 |im  gratin g  len g th
1 1------------1 1---- 1 1--------1 1------ 1 1------- 1 1------ 1 1
1 .5 3 0  1 .5 3 5  1 .5 4 0  1 .5 4 5  1 .5 5 0  1 .5 5 5  1 .5 6 0  1 .5 6 5
W a v elen g th  [iim]
Figure 6.1. Transmission measurements for grating devices with 50% duty cycle implanted at
70keV energy with lO^ i^ons/cm  ^dose
Figure 6.2 shows the measured frequency response for a set of devices fabricated on 
the same die, with DC=65%. The 250pm grating response is visible in this device 
group, displaying an extinction ratio of 2.5dB. Similarly to the previous case, the
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250pm long grating has an extinction ratio of 5dB, the 1mm long grating has an 
extinction ratio of 15dB, and finally the 2mm long grating has an extinction ratio of 
24dB. It is possible to notice that some of the measurements presented so far are 
affected by optical noise. This kind of noise is likely to be related to parasitic 
resonance effects that take place in small optical cavities in the measurement setup, 
most likely induced by small gaps between fibre connectors or spacing between the 
lensed fibres and the chip facets.
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Figure 6.2. Transmission measurements for grating devices with 65% duty cycle implanted at
70keV energy with 10*®ions/cm  ^dose
Figure 6.3 shows the measured wavelength response for TOkeV implanted devices 
fabricated on the same chip, with 80% DC. As predicted from the modelling, this 
particular variation of devices exhibits reduced efficiency caused by the larger duty 
cycle. This effect is especially apparent for longer devices, since an extinction ratio 
of 8 dB has been measured for the 1mm long grating, and 12dB has been measured 
for the 2mm long devices, as opposed to extinction ratio values of nearly 25dB 
observed for 50% and 65% duty cycles.
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Figure 6.3. Transmission measurements for grating devices with 80% duty cycle implanted at
TOkeV energy with lO^ i^ons/cm  ^dose
The extinction ratios measured for the working devices at TOkeV energy are 
summarised in figure 6.4. The trend suggests that 65% DC devices are the most 
efficient, as expected from the theoretical calculations, although the reduced number 
of available samples and the uncertainty in the electron beam lithography fabrication 
did not allow building a large and repeatable set of measurements.
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Figure 6.4. Extinction ratio in transmission measurements overview for different duty cycle 
devices implanted at TOkeV energy with 10*®ions/cm  ^dose
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Figure 6.5 shows the 3dB optical bandwidth measured for the TOkeV implanted 
devices.
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Figure 6 .5 .3dB bandwidth measurements overview for different duty cycle devices implanted at
TOkeV energy with lO^ i^ons/cm  ^dose
Longer devices have a bandwidth between 0.4nm and 0.6nm. The bandwidth 
increases for shorter length devices, as predicted by coupled mode theory. 250pm 
long devices have a bandwidth larger than Inm.
The variations in the data collected for these first devices, which are especially 
evident for the extinction ratio measurements, can be explained by considering that 
each of these devices have been individually patterned with an e-beam lithography 
session that can last up to 14 hours per sample. For this specific fabrication run, there 
is therefore the possibility of having small fabrication differences in terms of writing 
field stitching as well as device features. This can take place not only between each 
set of devices, but also between single devices in each set.
Additionally, writing errors can also be caused by translation errors, thermal 
expansion phenomena, or translation stage vibrations that accumulate during the 
writing time.
The effects of the stitching error have been simulated on the basis of the results 
observed in chapter 5 during electron beam lithography patterning, and are discussed 
in the next section.
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6.1.2. Stitching Error Considerations
The most common problem in the fabrication of integrated Bragg gratings by 
electron beam lithography is the stitching error between different sections of the 
device. This is particularly true for SEM based electron beam lithography, as in this 
case the field of view of the machine is limited to an area of approximately 
lOOpmxlOOpm. A schematic representation of the stitching process is shown in 
figure 6.6.
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Figure 6.6. Schematic representation of pattern writing with electron beam lithography and sub
field stitching [1]
Stitching is caused by the trade off between the capability of the machine optics to 
deflect the electron beam and the necessity to ensure that beam focus and 
magnification allow the pattering features to be written with the desired precision. 
Furthermore, electron beam lithography is also affected by external factors such as 
machine vibration and thermal expansion phenomena [1]. In order to reduce this 
problem additional equipment can be added to the machine, such as laser 
interferometric stages [2], and feedback techniques can be implemented for error 
control [3]. In the case of the Leo Gemini 1530 system employed at the University of 
St. Andrews, the stitching error correction is controlled by a Raith Elphy 
interferometric stage control. This keeps the stitch size between each field of view at 
approximately lOOnm.
178
Erasable Bragg gratings in SOI Chapter 6: Results and discussion
In order to investigate the effect of stitching errors on grating devices, different 
grating lengths have been simulated. The calculation involves considering the effect 
of a lOOnm wide defect repeated every 100pm for different device lengths. This 
situation corresponds to the stitching error observed during device fabrication with 
the Leo Gemini 1530 SEM system.
The grating period considered in these simulations is 230nm and the duty cycle is 
50%.
Figure 6.7-a shows a comparison between an ideal grating response (in red) and a 
stitched grating (in black) for a 250pm device with lOOnm stitches every 100pm [4].
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Figure 6.7. Stitching error simulation for different 
defect every lOOnm. Data comparison is shown in
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grating lengths containing a lOOnm writing 
each inset for gratings of the same length.
The presence of the stitches causes the efficiency of the grating to diminish, and the 
main lobe of the response to be split into two lobes separated by 4nm around the 
original Bragg wavelength. Also small oscillations start to appear around the main 
grating response.
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By increasing the length of the device, and thus the number of defects, it is possible 
to see that the effect caused by the stitching increases in amplitude. For a 500pm 
device (figure 6.7-b) the oscillations become sharper, also appearing between the two 
lobes of the main grating response.
Figure 6.7-c. shows the stitched response of a 1mm device. In this case the two main 
lobes almost appear as independent grating responses, as the out of band oscillations 
also become stronger.
For a 2mm long device the out of band peaks reach a reflectivity of nearly 40%, as 
shown in figure 6.7-d, whereas the main resonant peaks which are closer to the 
original Bragg wavelength can display a reflectivity close to 100%. The 3.8nm 
separation between each lobe in the response compares well with the peak splitting 
observed during grating testing presented in figures 6.1-6.3. A sample of the 
measured data for gratings of the same length is also reported in the figures inset.
6.1.3. Design 1 -  90keV implant
In this section we present the transmission results for the grating devices patterned 
during the same fabrication run presented in 6.1.1 and implanted with 90keV energy. 
Figure 6.8 shows the transmission spectra for devices implanted with Germanium 
ions with a dose of 10^  ^ ions/cm^ and energy 90keV for a group of gratings having a 
50% duty cycle.
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Figure 6.8. Transmission measurements for germanium implanted grating devices 'with 50% 
duty cycle implanted at 90keV energy with lO^ i^ons/cm  ^dose
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As the implant energy for these devices is higher, higher grating efficiencies as well 
as broader bandwidths are expected.
The data collected shows extinction ratios up to 5dB for a 250pm long device, an 
extinction ratio of lldB  for a 500pm long device, and extinction ratio up to 26dB 
and 28dB for devices of length 1mm and 2mm long respectively.
This particular group of devices displays a frequency response containing a main 
grating stop band centred at 1547nm wavelength, with reduced additional peaks.
Figure 6.9 shows the transmission frequency response measured for devices with 65% 
duty cycle also implanted at 90keV energy. This group is adjacent to the one 
previously analysed. These devices display an extinction ratio of 15dB for the 500pm 
long grating, and an extinction ratio up to 28dB for the 2mm and long device. Small 
out of band resonance peaks are visible for the 2mm long device, probably due to a 
small stitching error during the patterning.
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Figure 6.9. Transmission measurements for devices germanium implanted grating devices with 
65% duty cycle implanted at 90keV energy with 10* i^ons/cm  ^dose
As the device length increases, additional secondary peaks start to appear outside the 
frequency response main lobes, indicating a possible effect of electron beam 
lithography stitching error. The effects of fabrication tolerances appear to be much 
less pronounced if compared to the 70keV implanted sample. This could be related to 
a different propagation of the translation stage error, due to the fact that the two 
samples have been fabricated during different lithography sessions.
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Devices patterned with an 80% duty cycle and implanted with 90keV did not display 
any functional response. This could be explained by referring to the overall lower 
grating efficiency related to a consistently higher DC, possibly paired with higher 
propagation losses which are associated to higher implantation energies, as described 
in the following section.
Figure 6.10 shows the measured extinction ratio for the 90keV implanted samples, 
also in this case the 65% DC devices show a slightly higher efficiency, in line to 
what has been observed in the grating simulations.
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Figure 6.10. Extinction ratio in transmission measurements overview for different duty cycle 
devices implanted at 90keV energy with lO^ i^ons/cm  ^dose
Figure 6.11 shows the 3dB bandwidth measured for the same devices. The 3dB 
bandwidth for longer gratings is between O.Snm and 0.9nm, whereas shorter gratings 
have 3dB bandwidth between 1.3nm and 1.4nm.
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Figure 6.11. 3dB bandwidth measurements overview for different duty cycle devices implanted
at 90keV energy with lO^ i^ons/cm  ^dose
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6.2. Reflection measurements
Reflection measurements have been carried out for the 90keV and VOkeV Ge 
implanted devices by using a polarisation maintaining fibre circulator at the device 
input, as previously described in chapter 3. These kinds of measurements are 
problematic as they are greatly affected by the optical noise caused by reflection 
from the waveguide facets. Although the facet reflection can be reduced by a 
deposition of AR coatings, it is generally difficult to obtain a satisfactory optical 
signal to noise ratio that allows detection of the reflected signal. The importance of 
these measurements is related to demonstrating that the implanted gratings are 
effectively working as optical filters, and the observed frequency response is not 
simply the effect of a loss mechanism triggered by the ion implantation. In order to 
ensure the success of reflection measurements, the devices previously tested in 
transmissions have been treated with AR coating at 1550nm wavelength.
Figure 6.12 shows the reflected spectra obtained from 1mm and 2mm long devices
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Figure 6.12. Reflection measurements for devices 98-100 with 50% duty cycle implanted at
90keV energy with lO^ i^ons/cm  ^dose
Figure 6.13 shows the reflected spectra obtained from another group of devices with 
length between 500pm and 2mm. The central wavelength of the reflected signals 
showed good agreement with the transmitted signal, demonstrating that the 
implanted gratings are effectively working as optical filters.
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Figure 6.13. Reflection measurements for devices 86-90 with 65% duty cycle implanted at 90keV
energy with lO^ i^ons/cm  ^dose
These measurements are heavily limited by the abundance of optical noise at the chip 
facets, although the optical circulator signal clearly allows detection of the reflected 
signal above the noise. Since these measurements are heavily dependent on the 
grating efficiency, it has not been possible to detect any reflected signal from the 
70keV implanted gratings, which have reduced grating efficiency if compared to the 
90keV devices.
6.3. Losses evaluation
Losses of the “as implanted” samples have been initially evaluated by using the 
Fabry-Perot resonance method discussed in chapter 3. During preliminary testing it 
was possible to estimate the average loss value of the unimplanted waveguide, which 
resulted to be 1.2dB/cm. It was also observed that most of the implanted devices did 
not produce a clear resonant response, since the majority of the data seemed to be 
affected by optical noise. The latter behaviour was attributed to the presence of 
relatively high optical losses in the implanted waveguides, which prevented the 
visualization of a clean resonance spectrum. For this reason the losses of the 
implanted devices were finally measured by using the cutback method. As the Bragg 
reflection affects the propagation of light inside the waveguide, the measurements 
must be performed out of the grating stop-band. This allows estimation of the loss
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value of the implanted device without the contribution of the Bragg reflection, which 
would result in an incorrect overestimation of the optical loss.
Figure 6.14 shows the cutback loss measurements for the VOkeV implanted devices.
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Figure 6.14. Excess loss evaluation for 70keV implanted gratings by using cut back method
Data analysis shows an average excess loss of 6.5±1.5dB/cm for the VOkeV 
implanted gratings.
The optical losses have been mainly attributed to the presence of the amorphous 
material [5] and implantation defects in the waveguide [6], as well as the numerous 
amorphous to crystalline optical interfaces.
Figure 6.15 shows the cutback loss measurements for the 90keV implanted devices.
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Figure 6.15. Excess loss evaluation for 90keV implanted gratings by using cut back method
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90keV implanted gratings display an average excess loss value of 12.1±2.5dB/cm. 
Furthermore, devices with 50% and 65% duty cycle displayed losse variations within 
IdB/cm, therefore making the loss difference between each device group comparable 
with the measurement uncertainty.
As expected, higher implantation energy leads to higher optical losses, due to the 
increase of the modal overlapping with the amorphous material, as well as the 
increase in lattice disorder inside the waveguide. The characterisation of optical 
losses is fundamental for estimating the device performance as part of an optical 
telecommunication system, as well as for calculating the grating efficiency by fitting 
the available data to its theoretical counterpart. Data fitting of the measured 
frequency response and loss data is presented in the next section.
6.4. Data Fitting
The data collected so far for the VOkeV and 90keV implanted devices can be used to 
remodel the grating response in order to compare the theoretical grating efficiency k 
to the measured one.
To achieve this, the theoretically calculated response based on the coupled mode 
theory approximation is compared to the measured response by the least square 
differences approximation method. The parameter fitted is the grating efficiency k, 
by using the measured optical losses as a fitting parameter. The value of k is varied 
iteratively while the loss value is kept fixed, until the difference between the two 
responses cannot be further minimised. The theoretical grating response has been 
presented in chapter 2 using the formalism suggested by Yariv [V].
cosh^ (5L)--(Ay?+ia) sinh^ (5L)
The optical loss value (a) used for the data fitting is determined by the cutback loss
measurements previously presented, where 5 =  ^  (Aj3 +  ia )j , A(3 is the
phase mismatch factor from the Bragg condition, and k is the theoretical grating
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efficiency. As previously mentioned, the loss value employed for the data fitting is 
6.5dB/cm for the 70keV implants and 12dB/cm for the 90keV implants.
The data has been fitted individually for each device by using the loss values 
previously collected. Finally, the data has been averaged for devices of the same 
length.
Figure 6.16 shows an example fitting for a 1mm long grating implanted at 90keV. 
The data fitting allows extracting the coupling coefficient value k  from the collected 
data.
Figure 6.17 shows the fitting results for the 70keV and 90keV extinction ratio cases 
presented previously.
The data from the 90keV devices can be fitted with a value of K=50±20cm'\ the 
variation in the calculated k  for the 90keV implants is mainly attributed to processing 
variations. The theoretical value of k  initially predicted for these devices was 80cm'\ 
The discrepancy between the theoretical and measured value of coupling efficiency 
could be attributed to the many non-idealities which affect the implanted Bragg 
gratings, and specifically to the distortion of the implanted grating profile due to the 
ion implantation described in chapter 4.
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Figure 6.16. Example of data fitting obtained for a 1mm long grating implanted with Ge ions at
90keV.
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Figure 6.17. Summary of data htting results obtained for gratings implanted with Ge ions at
70keV and 90keV.
The data from the VOkeV implanted devices has been fitted with a value of k  of 
18±2cm'\ in this set of measurements the secondary peaks are not taken into account 
by the fitting algorithm. The value is less than half of the calculated 50cm '\  The 
difference with the theoretical efficiency was initially attributed to the presence of 
optical losses, as well as to the influence of the stitching error in some of the devices. 
Although the fitting between theoretical and measured values does not account for 
the specific shape of the implantation damage, it is possible to extract a value of 
grating efficiency that allows a preliminary comparison between the implanted 
grating performance and the other devices existing in literature. On the other hand, 
no conclusive evidence was available at this stage to fully explain the mismatch 
between theoretical and measured coupling constants. This point has been further 
investigated in the analysis of the second device design, presented later in section
6.6.3. The fitting results so far obtained show that the VOkeV and 90keV implanted 
gratings can perform considerably better than some of the existing etched grating 
devices, such as [8] or [9] previously discussed in chapter 1, for which a k  between 
5cm"' and 30cm ' was reported. On the other hand etched devices which have very 
high processing standards, such as [10], can reach coupling constants up to 150cm"'.
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6.5. Post annealing measurements
Implanted samples have been annealed at 550°C for 20 minutes to investigate the 
thermal erasability of ion implanted Bragg gratings. According to the annealing 
calibration study presented in chapter 4, these annealing conditions should 
completely recrystallize the 120nm thick amorphous layer. After the thermal 
treatment the sample transmission response has been measured again. It has been 
noticed that some of the annealed devices, most notably the 1mm and 2mm long with 
50% duty cycle, display a residual peak in transmission up to lOdB in amplitude 
(figure 6.18).
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Figure 6.18. Transmission measurements for first group of grating devices with 50% duty cycle 
implanted at 90keV energy with 10*®ions/cm  ^dose after 550C annealing for 20 minutes.
It has been hypothesized that the residual peak in transmission appearing after the 
rapid thermal annealing may be attributed to an incomplete recrystallisation of the 
amorphous material or to the presence of residual defects caused by the implantation 
process, or a combination of both factors.
As described in chapter 2, rapid thermal annealing of implanted silicon can cause the 
implantation defects to coalesce in more complex forms. The most common forms in 
which implanted damage evolves are <113> rod-like defects at intermediate 
temperatures (around 600°C), that further coalesce into dislocation loops at higher 
temperatures (800°C) [11].
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On the other hand, the other group of devices implanted previously characterised on 
the same chip displayed almost no peak response, as shown in figure 6.19.
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Figure 6.19. Transmission measurements for second group of grating devices with 50% duty 
cycle implanted at 90keV energy with lO^ i^ons/cm  ^dose after 550C annealing for 20 minutes.
In chapter 1 we have also described how the abundance of implantation defects in 
amorphised silicon is considered to be one of the contributing causes of refractive 
index change, therefore we may speculate that the deviees showing a residual 
transmission peak contain a relevant concentration of leftover defects.
Furthermore, there is also the possibility that the amorphous material may not have 
recrystallized completely, since the amorphous material is confined in a three 
dimensional structure which is in contact with many amorphous to crystalline 
interfaces [12]. The recrystallization may follow a more complex evolution than the 
one in bulk materials, as it may be affected by the presence of such discontinuities. 
Due to the very limited number of samples available, it was not possible to further 
extend the annealing study and obtain conclusive evidence on the annealing 
mechanism, although complete annealing has been shown for some of the devices. 
Additionally, an extended annealing study has been carried out with the 
implementation of the revised design devices, as described in section 6.7.
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6.6. Revised design testing 
6.6.1 Transmission measurements
This section presents the data obtained from the revised design device testing. As 
described in chapter 4, these devices were based on a submicron waveguide design. 
The reduction in waveguide dimensions allowed reduetion in the implantation energy 
of the gratings substantially, while increasing the modal overlap between the 
refractive index perturbation and the propagating optical mode, obtaining a higher 
grating efficiency for shorter devices.
As the fabrication of these devices has been supported by Intel Corporation, most of 
the processing issues have been eliminated, as already mentioned in chapter 5. The 
hardmask patterning has been carried out by using DUV lithography, which allowed 
high fabrication throughput with no stitching error issues. Furthermore, the use of a 
high throughput process flow allowed experimenting on a large number of devices 
with repeatable behaviour, increasing the confidence in the collected data.
Figure 6.20 shows the transmission results for ion implanted gratings with Ge ions at 
a dose of lO^^ions/cm^ and energy 30keV with period A=212nm and DC =50%.
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Figure 6.20. Transmission measurements for second design grating devices with 50% duty cycle 
implanted at 30keV energy with lO^ i^ons/cm  ^dose, period = 212nm
The gratings display an extinction ratio up to 28dB for the 1mm long device, and a 
20dB extinction ratio for the 400pm and 600pm. In this specific set of measurements
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the 400pm and 600pm devices do not show relevant difference in the extinction ratio. 
This may be related to a fibre misalignment during device testing, as it has not been 
observed for other groups of devices fabricated with the same conditions. The 200pm 
long device displayed an extinction ratio of approximately lOdB, whose amplitude is 
almost comparable to the response of the 1mm long device implanted with 70keV 
energy described in the previous sections.
Figure 6.21 shows transmission measurements for ion implanted gratings with Ge 
ions at a dose of lO^^ions/cm^ and energy 30keV with period A=212nm and DC 
=60%. The change in extinction ratio appears slightly lower for the 1mm long device 
(27dB), whereas the 600pm device displays an extinetion ratio of 25dB, and 20dB 
for the 400pm long device. The 200pm long device has an extinction ratio of 
approximately lOdB. For this set of devices the 100pm long response is already 
visible, showing a 5dB extinction ratio. This is due to the reduced waveguide 
dimensions that allow obtaining high coupling efficiency over shorter distances.
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Figure 6.21. Transmission measurements for grating devices with 60% duty cycle implanted at 
30keV energy with lO^ i^ons/cm  ^dose, period =212nm
Figure 6.22 shows the transmission results for ion implanted gratings with Ge ions at 
dose lO^^ions/cm^ and energy 30keV with period A=220nm and DC =50%. These 
devices were fabricated as a backup with a different grating period, in case the 
testing at 1310nm wavelength failed. The devices displayed an extinetion ratio of 
approximately 26dB for the 600pm device, 18dB for the 400pm, 1 OdB for the 200pm 
and 3dB for the 100pm. The 1mm device appeared to be damaged and did not 
produce any measurable response.
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Figure 6.23 shows the transmission results for ion implanted gratings with Ge ions at 
dose lO^^ions/cm^ and energy 30keV with period A=220nm and DC =60%.
The devices display an extinction ratio of approximately 29dB for the 1mm long 
grating, 22dB for the 600pm grating, 16dB for the 400pm grating, lOdB for the 
200pm long grating.
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Figure 6.22. Transmission measurements for grating devices with 50% duty cycle implanted at 
30keV energy with lO'^ions/cm^ dose, period = 220nm
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Figure 6.23. Transmission measurements for grating devices 60% duty cycle implanted at 
30keV energy with lO^ i^ons/cm  ^dose, period = 220nm
Figure 6.24 shows a summary of the extinction ratio for 50% duty cycle devices 
implanted at 30keV. The measurements show a consistency in the observed 
extinction ratio within lOdB for majority of the devices of the same length.
193
Erasable Bragg gratings in SOI Chapter 6: Results and discussion
25-
m 20-
— Ener gy 30keV  - DC 50%
200 400 600 800 10000
D evice  Length [|im]
Figure 6.24. Overview of transmission measurements for 50% cycle implanted at 30keV energy
with lO^ i^ons/cm  ^dose.
The lOOjim devices have an extinction ratio of 2.27dB, 200)im devices have an 
extinction ratio of 6.22dB, whereas the 400|im have an extinction ratio of 14.23dB. 
Extinction ratios up to 20dB and 23 dB can be reached for the devices with 600pm 
and 1mm length, respectively. Figure 6.25 shows a summary of the 3dB bandwidth 
for 50% implanted samples with the same energy.
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Figure 6.25. Overview of 3dB bandwidth measurements for 50% duty cycle implanted at 30keV
energy with lO^ i^ons/cm  ^dose.
This data is representative of how the reduction of waveguide dimensions can 
dramatically increase grating efficency, if compared to the previous design.
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The 3dB bandwidth of the devices varies around a value of 1.18nm for the 200|am 
long gratings, 0.97nm for the 400pni, and 0.75nm for the 600|xm and 1mm long 
gratings.
Figure 6.26 shows a summary of the extinction ratio for 60% duty cycle devices 
implanted at 30keV, whereas figure 6.27 shows a summary of the 3dB bandwidth for 
60% implanted with the same energy.
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Figure 6.26. Overview of transmission measurements for 60% cycle implanted at 30keV energy
with lO^ i^ons/cm  ^dose.
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Figure 6.27. Overview of 3dB bandwidth measurements for 60% duty cycle implanted at 30keV
energy with lO^ i^ons/cm  ^dose.
An extinction ratio of 2.7dB has been observed for 100pm long devices, 200pm 
devices have an exctinction ratio of 7.4dB, whereas the 400pm have an extinction 
ratio of 16.3dB. An extinction ratio up to 21 dB and 24dB can be reached for the 
devices with 600pm and 1mm length respectively.
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The 3dB bandwidth of the devices varies around a value of 1.34nm for the 200pm 
long gratings, 0.94nm for the 400pm, and 0.92nm for the 600pm and 1mm long 
gratings.
The variation in duty cycle between 50% and 60% appears to slightly increase the 
grating extinction ratio, as well as the 3dB bandwidth, in line to what has been 
observed in grating simulations presented in chapter 4.
It was not possible to test the performance of devices with DC larger than 60%, due 
to the limitations in the lithographic process shown in chapter 5.
6.6.2. Optical losses
As the devices previously presented were implanted with lower energy value 
(30keV), it has been possible to evaluate the optical losses by using the Fabry-Perot 
resonance method. Figure 6.28 shows the average losses measured for 30keV 
implanted devices of different lengths.
EÜ
CO
a
%
3
CD
g
I
7
6
5
4
3
2
1
0
0 200 400 600 800 1000
Device Length [pm]
Figure 6.28. Average excess loss measured for 30keV implanted devices using the Fabry-Perot
resonance method
The average measured loss for unimplanted wavelengths has been estimated to be 
3.7dB/cm, the error bars show a measurement uncertainty within ±ldB/cm obtained 
by considering the discrepancy between measured data and linearly fitted data. It has
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been observed that longer implanted devices show optical loss values relatively close 
to that of an unimplanted waveguide.
The loss value observed shows that the loss contribution introduced by the implant is 
not as strong as that observed in the previous design, due to the reduced implantation 
energy used. Furthermore, the loss value measured for implanted devices appears to 
be similar to the loss value measured for unimplanted waveguides.
The data analyzed so far shows that the excess loss introduced by the implant is 
considerably lower than expected, making the ion implantation loss contribution 
almost indistinguishable from the measurement uncertainty.
6.6.3. Revised design data fitting
As described in the section 6.4, data fitting has been carried out by comparing the 
measured grating response to the theoretical one, and minimizing the differences 
with a least square differences approximation method. The parameter fitted is the 
grating efficiency k , by using the measured optical losses described in the previous 
section as fixed parameter. The data fitting produced an average coupling constant of 
54cm'^ for the 50% duty cycle devices and an average coupling constant of 61cm'^ 
for the 60% duty cycle devices, as opposed to a 300cm'* theoretical value. The fitted 
values averaged for gratings of the same length are illustrated in figure 6.29.
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Figure 6. 29. Coupling constant fitting for 30keV energy implanted devices
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The large discrepancy between the theoretical and measured coupling constants may 
be explained by considering that the implanted waveguide possess sub-micron 
features, therefore the grating performance is extremely sensitive to small variations 
in the waveguides or grating properties, such as changes in the refractive index and 
modal confinement. While employing waveguides with sub micron dimensions 
allows reaching elevated theoretical grating efficiencies, such as those presented in 
chapter 4, this also means that the measured performance is likely to vary from the 
predicted one in a non ideal context, due to the proportionally larger interaction 
between the propagating optical mode, and the periodic refractive index change.
This assumption is also supported by the TEM analysis presented in chapter 5, which 
shows an effective duty cycle of 30% obtained for a device with target duty cycle 
50%, resulting in an overall lower grating efficiency.
This discrepancy could be reduced by improving the device modelling, for example 
by using custom simulation tools that take into account ion implantation effects, such 
as damage broadening, or by introducing a dimension bias in the hardmask template 
to compensate for the DC reduction.
These observations could also be used to explain the results presented in section 6.1 
for gratings implanted in micron scale waveguides. In that case the measured 
coupling constants were approximately half of those predicted by a theoretical 
calculation.
6.7. Revised design devices annealing
6.7.1. RTA annealing
In order to test erasability of germanium implanted gratings fabricated with the 
revised design and extend the annealing study presented in the previous section, 
30keV implanted samples have been annealed at temperatures of 300°C, 400°C, 
550°C, 600°C, and 650°C, 550°C being the recrystallization temperature for 
amorphous silicon [12]. The temperatures of 300°C and 400°C have been chosen to 
demonstrate that the gratings are effectively induced by formation of amorphous 
material. As a-Si regrowth is basically unaffected at those temperatures, it was 
expected that the implanted grating frequency response would not be affected by a
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low temperature annealing. The 600°C and 650°C have been chosen as backup 
temperatures, in order to overcome a scenario of partial recrystallization at 550°C. 
Reerystallization dynamics are well known in the literature, and a 50nm thick 
amorphous layer (as generated by a 30keV implant) has a regrowth time on the order 
of a few minutes. Nonetheless, an annealing time of 25 minutes has been chosen for 
each experiment as a cautionary measure.
Figure 6.30 shows the RTA annealing conducted on 200pm long devices at different 
temperatures. The data shows little difference between the as implanted deviees and 
the 300°C annealed devices. A small decrease in the transmission extinetion ratio for 
the devices annealed at 400°C can be noticed. For temperatures of 550°C and above, 
the grating frequency response appears greatly affected. A residual peak can be 
noticed at 1314nm. The shift towards smaller wavelengths can be attributed to a 
reduction in the implanted material refractive index, which is linked to a reduction of 
the effective index of the optical mode propagating in the waveguide, and therefore a 
shorter Bragg grating wavelength.
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Figure 6.30. Annealing test for 200pm length gratings, A=212nm
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Figure 6.31. Annealing test for 400^m length gratings, A=212nm
Figure 6.31 shows the annealing results for a 400p,m long device. Since the device is 
longer in this case, the residual peak appears to be more apparent at 1314nm.
The presence of a residual peak at lower wavelengths is consistently repeated for 
600pm long devices (figure 6.32) and 1000pm devices (figure 6.33), even for higher 
temperature annealing conditions.
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Figure 6.32. Annealing test for 600|am length gratings, A=212nm
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Figure 6.33. Annealing test for lOOOjim length gratings, A=212nm
The behaviour of the annealed gratings repeats itself consistently for all the deviees. 
It is possible to see from the data that the grating efficiency is substantially unaltered 
at 300°C and 400°C annealing temperatures, and decreases for temperatures above 
550°C. Contrary to what was expected, gratings are not completely erased at 
moderate annealing temperatures. Furthermore, the response is shifted by 
approximately 1.6nm towards shorter wavelengths.
These results show analogies with the partial annealing data previously shown in 
section 6.5, strengthening the assumption that residual refractive index change exists 
in the implanted waveguides in form of either partially amorphous material or, 
possibly, ion implantation defects. The latter assumption is also supported by the 
shift in wavelength observed for the residual response, as this may mean that the 
change in response is due to a change in the refractive index of the material, rather 
than other physical causes, such as an accidental surface corrugation due to poor 
process control.
A possible way of eliminating the source of residual refractive index changes in the 
implanted material may be higher temperature annealing in the range of 800°C- 
1000°C. On the other hand, this kind of thermal budget would render the processing 
unpractical for applications such as optical wafer scale testing. For this reason, laser 
annealing has been explored as an alternative way of selectively erasing ion
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implanted grating. Preliminary laser annealing results are presented in the following 
section.
6.7.2. Laser Annealing
These rapid thermal annealing results presented so far demonstrated the possibility of 
altering the implanted gratings properties by using a thermal treatment. On the other 
hand, this strategy would be unsuitable for optical wafer scale testing, due to the 
potentially high temperatures required as well as the lack of local selectivity during 
thermal processing.
In order to overcome the limitations of the previous approach and increase the 
process selectivity, local laser annealing has been explored. UV pulsed laser 
annealing allows almost instant local recrystallisation of the implanted amorphous 
silicon, whilst leaving the remainder of the devices on the chip intact [13]. Since 
light absorption of amorphous silicon is strong in the UV range, the direct laser 
heating is limited to a thin surface layer. The implanted devices were annealed by 
irradiating with pulses from a Lambda Physik LPX210 KrF excimer laser operating 
at 248nm with pulse duration of 25ns. The laser beam was scanned on the sample 
with a stage speed of 60mm/min, meaning that the time of exposure is of only 8 
seconds. A laser repetition rate of lOHz was used; hence each point on the device 
was exposed to 30 pulses. The pulse energy was varied in the range 10-25mJ 
producing laser fluences of 11 l-278mJ/cm^.
Finite element heat conduction simulations of the devices indicated that a laser 
fluence of above 200mJ/cm^ is required to raise the temperature of the amorphous 
silicon layer above its melting point (1200°C) [14].
The results of laser annealing of the devices at 278mJ/cm^ are shown in figures 6.34- 
6.36 for gratings of different lengths. This preliminary study showed how it is 
possible to thermally erase implanted structures completely. Annealing at fluences 
less that 200mJ/cm^ resulted in little or no modification of the device response. 
Furthermore, the testing conducted during laser annealing highlighted the possibility 
of selectively annealing the implanted devices, leaving nearby unexposed gratings 
functional. This is a critical requirement toward developing an optical wafer scale
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testing technique, since this would ideally allow processing only a small fraction of 
the wafer area designated for testing.
If compared to rapid thermal annealing results presented in the previous section, the 
laser annealed samples show no residual reflectivity in the spectral response, 
meaning that the source of refractive index change in the implanted deviees has been 
completely removed. This can be explained by considering that the annealing 
dynamics triggered by laser annealing happen on a considerably faster timeseale, 
leaving no time for the defects to cluster in bigger aggregates, as it has been 
described in the conclusive part of chapter 2.
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Figure 6.34. Grating frequency response remeasured for 200pm long grating device
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6.7.3. Post annealing losses
In order to investigate the effect of laser annealing on the irradiated waveguides and 
devices, loss characterization has been repeated on annealed devices by using Fabry- 
Perot resonance method.
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Figure 6.37. Average excess loss measured for 30keV laser annealed devices using the Fabry- 
Perot resonance method for pre and post annealing conditions
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Loss analysis of unimplanted waveguides confirmed a propagation loss of 3.9dB/cm, 
which allows us to hypothesize that the laser annealing process did not affect the 
integrity of the waveguides. The average optical loss for implanted structures is 
shown in figure 6.37. The loss figure obtained for laser annealed devices differs by
0.5-ldB/cm from the data reported in section 6.6.2 for as implanted devices. This 
could allow us to conclude that the loss contribution for the specific case of 30keV 
implants is minor if compared to waveguide propagation losses and waveguide 
alignment error.
6.7.4. TEM analysis of laser annealed samples
TEM analysis has also been carried out on the laser annealed samples with the 
support of Intel Corporation in order to investigate the modifications of the exposed 
devices. Eigure 6.38 shows a section of the grating after exposure to laser annealing 
[15], whereas the inset shows an “as implanted” device with the same features. The 
amorphous pockets are not visible anymore in the annealed samples, although end of 
range damage can be noticed at the interface of the implanted material.
Figure 6.38. TEM image of a laser annealed grating. The inset shows the grating before laser
annealing.
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Figure 6.39-a and 6.39-b show a TEM image of individual grating “teeths” after laser 
annealing. In the first case it is possible to see that most of the amorphous material 
appears to be recrystallized, although an interface is visible in the middle of the 
annealed material. Eigure 6.39-b shows a more evident residual damage, as well as 
the presence of partially recrystallized material and defect boundaries which may be 
related to small variations of the refractive index change, as well as to optical losses.
Figure 6.39. TEM image of a single grating tooth after laser annealing (a). Boundaries created 
by the recrystallization of the amorphous silicon are visible in some of the annealed grating
periods (b).
Summary
In this chapter the results of optical characterization of Ge implanted Bragg gratings 
have been presented, device analysis was focused on the frequency response analysis 
in transmission and reflection as well as on device loss characterization and device 
annealing.
An extinction ratio of up to 30dB was demonstrated for devices produced during the 
first fabrication run, although many of these devices were affected by stitching error 
problems caused by the electron beam lithography long writing time. Interesting 
reflection results were also obtained for the 90keV implanted devices, demonstrating 
that the devices were effectively behaving as gratings. These devices were thermally 
treated via a RTA annealing, although some of them still displayed residual peak 
response which may be attribute to incomplete damage annealing.
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An extinction ratio up to 25dB was obtained for the second generation devices which 
were fabricated with the support of Intel Corporation. This performance was 
comparable to that of the first device design, and it also benefitted from a 
considerably shorter device length. Furthermore, the revised design was immune to 
the fabrication problems encountered during the first fabrication run, as the electron 
beam lithography process was substituted with DUV lithography.
Due to the reduced waveguide size, it was possible to achieve increased grating 
efficiency over reduced grating lengths and consistently lower implantation energies, 
as well as relatively low optical losses.
Thermal eras ability for these devices was performed by rapid thermal annealing as 
well as by laser annealing, showing that implanted Bragg gratings can be completely 
erased by laser annealing treatment. Furthermore, optical losses were characterized 
again on laser annealed samples, showing that irradiated waveguides are still 
functional after the thermal treatment and that the loss figures are relatively close to 
those of unimplanted waveguides.
The characterization of low energy ion implanted gratings highlighted that the loss 
contribution due to ion implantation appears to be small if compared to the overall 
optical loss figure. These observations are consistent with what has been previously 
reported in literature, as high optical losses in bulk implanted silicon are usually 
associated with MeV energy implants, whereas the implantation energy for the 
measurements presented in this chapter is on the order of keV.
The TEM analysis of annealed devices allowed observing the difference between as 
implanted and erased gratings, demonstrating how the annealed amorphous pockets 
may still contain defect rich material.
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Chapter 7: Conclusions and future work
7.1. Summary and conclusions
This work has investigated the design, fabrication and testing of thermally erasable 
Germanium implanted Bragg gratings in silicon on insulator waveguides. Novel and 
interesting results have been produced in terms of device performance, in some cases 
exceeding the figures of merit reported in the literature for surface corrugated SOI 
gratings. Furthermore, the thermal erasability study conducted suggests the 
applicability of the devices to future optical wafer scale testing strategies.
Despite the tremendous advancements witnessed in the last few years, Silicon 
Photonics can still be considered a niche technology that is employing the existing 
infrastructure of integrated microelectronics to achieve a prominent position in the 
current information technology world, possibly by addressing the limitations of 
current data communications systems that rely on metal interconnects. The idea of 
developing ion implanted gratings in silicon on insulator is an example of the effort 
of using well established electronics processing techniques, such as ion implantation, 
to develop novel photonics applications towards the development of silicon 
integrated optoelectronics systems.
The literature surveyed in chapter 1 of this work highlighted that, although many 
examples of efficient silicon on insulator Bragg gratings exist in literature, there is 
still no standard approach for SOI grating fabrication, or for the development of 
WDM telecommunications systems based on these devices. Furthermore corrugated 
Bragg gratings may lack flexibility in the development of complex photonics 
systems, since their manufacturing often requires numerous processing steps, as well 
as strict processing requirements, as in the case of nanometre scale grating features. 
Finally, the etched corrugated profile is a permanent alteration of the processed 
waveguides, which prevents the implementation of fully planar structures. In this 
perspective, the use of ion implantation has been investigated in an effort to 
reinterpret the fabrication of integrated Bragg gratings in silicon on insulator through 
a well established, and potentially more versatile, implantation process that would 
lead to novel applications.
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If we consider the majority of the scientific work on ion implantation, only a 
relatively small fraction is concerned with the investigation of optical properties of 
implanted materials. On the other hand, a number of studies involving the use of ion 
implantation processes to produce optical waveguides in a variety of material 
systems have appeared in the scientific literature in the past years. In the light of the 
development of Silicon Photonics, the manipulation of the optical properties of 
silicon by ion implantation currently appears a promising route for certain 
applications such as the fabrication of periodic structures, photodetectors, 
attenuators, and carrier lifetime modification, as testified by the research conducted 
in particular at University of Surrey in the United Kingdom and McMaster 
University in Canada.
The evidence existing in literature that the optical properties of silicon can be altered 
as a result of ion implantation induced amorphization has been used as a starting 
point in this work.
Since ion implantation plays a fundamental role in the creation of ion implanted 
gratings, the initial phase of this doctoral project has been focused on the study of ion 
damage distributions in silicon, as described in chapter 4. The first step in this 
direction consisted in comparing the simulated damage distributions produced by 
different ion species as well as investigating the effect of such distribution through 
confined geometries, such as hardmask grating templates.
The performance of grating devices is heavily dependent on the shape of the 
refractive index perturbation, therefore the study was focused on the use of heavier 
mass ion species to alter the optical properties of silicon, specifically Ge, Xe, and Sn. 
The chosen software for this task was KING and KING3D simulators based on BCA 
and Monte Carlo algorithms, whose theoretical principles have been outlined in 
chapter 2. Ion implantation simulations were carried out in order to compare the 
effects of implantation damage in silicon irradiated with heavier ions of different 
mass, such as Germanium, Xenon and Tin. These simulations highlighted that using 
ions heavier than silicon can produce a more contained damage interface between the 
amorphous and the crystalline material. Furthermore the use of heavier ions allowed 
increased flexibility in the choice of ion implantation conditions, such as lower ion
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doses and less strict temperature control if compared to silicon self implanted Bragg 
gratings which have also been recently reported. However, simulations also showed 
that the advantage of using Xe and Sn ions appeared somehow modest if compared 
to the fact that heavier ions required higher energy to produce the same amorphous 
layer thickness as Ge. This led to potentially increased damage spread under the 
mask in the radius of several tens of nanometres, thus contradicting the initial 
purpose of the method. For these reasons, Ge ions were ultimately chosen for the 
implanted Bragg gratings fabrication. The choice of Ge as primary implantation 
specie for the experiments has also been reinforced by the intention of maintaining 
CMOS compatibility.
The simulated implantation conditions for Ge ions have been compared to bulk test 
implants conducted at the University of Surrey Ion Beam Centre that aimed to 
investigate the formation of amorphous material in Ge implanted silicon samples, 
and to quantify the refractive index change related to silicon amorphization. The 
study was based on a mixed approach employing ellipsometry and Rutherford 
Backscattering in order to improve the robustness of the analysis. The structure of 
implanted samples and the amorphous layer thickness formed by implantation were 
analyzed by RBS, as this technique allows determining the implantation features 
with a high degree of confidence. The data on amorphous profiles obtained by ion 
beam analysis was used to minimize the number of unknown variables in the 
ellipsometry model, thus allowing a more solid estimation of the refractive index 
change in Ge implanted samples.
The results obtained from test samples study proved to be in good agreement with 
the amorphous material formation described by ion damage simulations, and was 
used as the basis for grating simulations. The data from the test implants showed the 
possibility of producing a refractive index change of approximately 0.5 in 
amorphised silicon at 1.55pm wavelength. The refractive index change measured has 
been used in the simulation of rectangular profile gratings in order to predict 
theoretical grating efficiency.
The analysis of test implants has been completed with a Rapid Thermal Annealing 
study in order to investigate the possibility of thermally erasing the implanted Bragg 
gratings.
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The data collected suggests that for temperatures up to 500°C it is not possible to 
regrow the amorphous layer completely, although partial recrystallization at the 
material interface has been observed for prolonged annealing times at this 
temperature, probably due to the recombination of implantation defects. For 
analogous reasons, a small reduction of the interface thickness can also be noticed 
for temperatures below 400°C. This particular feature could be used to tune the 
implanted grating optical losses, since a reduction in the lattice disorder at the 
implanted material interface may be associated to an improved device performance, 
although the main objective of this study was to identify the requirements for grating 
erasability.
The investigation of the interface reduction tells that a low temperature anneal 
(below 500°C) will not repair all the damage at the material interface, even for long 
annealing times. On the other hand, a 500°C thermal treatment appears to eliminate 
most of the partially amorphous region. At 550°C the amorphous material will 
recrystallize in very short time, making the observation of intermediate changes in 
the interface more difficult. The RBS analysis confirmed that bulk amorphous 
material formed by Ge implantation could be recrystallized in few minutes.
The data collected in the annealing study allowed specification of the necessary 
annealing times and temperatures for Ge implanted gratings, and therefore enables 
production of a grating design recipe..
The refractive index change obtained from the test implants have been used to 
predict the grating efficiency for rectangular Bragg gratings on silicon on insulator 
rib waveguides.
Implanted device simulations have been produced by using the coupled mode theory 
approximation outlined in chapter 2 in conjunction to commercial optical modelling 
software packages, specifically Photon Design FlMMWave and FlMMPropp.
The simulations allowed an outline of the design requirement for the implanted 
Bragg gratings. The devices performance was found to be heavily dependent on the 
chosen ion implantation conditions. Higher implantation energy, and thus a deeper 
refractive index change, would potentially produce more efficient gratings with 
larger stop-band values. This would also allow a reduction in device length, due to 
the larger interaction between the periodic structure and the propagating light. On the
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other hand, higher implantation energies could be potentially associated to higher 
optical losses and reduced control on the device performance, due to the increased 
ion damage.
During the first half of this doctoral project implanted gratings on micron scale 
waveguides were investigated. The aim of the design was to keep the device features 
around the micron scale or below, as opposed to the dimensions of the devices 
reviewed in the literature section. Device miniaturization allows maximization of the 
grating efficiency by increasing the modal confinement in the grating region, and is a 
requirement for silicon photonics to become a mainstream technology. On the other 
hand, reducing device dimensions also makes device processing more demanding. 
The lib waveguides chosen for the first device design were based on SOI wafers with 
H=1.3pm overall silicon thickness, rib width W= 1pm, and etch depth D=0.7pm. The 
rib design aimed to maintain single mode operation for the devices, as well as 
reduced modal birefringence. The modelled grating had an efficiency of 
approximately lOOcm'  ^ and grating lengths between 500pm and 2mm, with target 
grating depths between 70nm and lOOnm. Since no data on the optical losses was 
available at this stage, the design aimed at employing moderate ion implantation 
energies and relatively long device lengths, in order to guarantee an extinction ratio 
of 20dB, which is comparable to most of the etched devices reviewed in literature. 
The fabrication process chosen to pattern gratings in this case was electron beam 
lithography, and the grating hardmask was fabricated after waveguide etching. 
Considerable effort has been put in the development of electron beam lithography 
processes at the University of Surrey Advanced Technology Institute. The results 
obtained during process development for electron beam lithography showed the 
achievement of a lOOnm features using the FEl Nova Nanolab at the University of 
Surrey. However, working devices were eventually not produced at University of 
Surrey, due to the repeatability issues associated to the use of the machine for 
different applications, as well as for the absence of a high precision translation stage 
for stitching error correction. Nonetheless, process development provided substantial 
insight into the fabrication process, and sufficient understanding to implement design 
modifications in successive fabrications runs.
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First design working devices were produced in collaboration with the University of 
St. Andrews and implanted at the University of Surrey Ion Beam Centre with 
energies of 70keV and 90keV. Due to long electron beam processing times, only a 
very limited number of samples were produced. Furthermore, some of the devices 
patterned by electron beam lithography were affected by stitching error issues.
The devices produced in collaboration with the University of St. Andrews fabrication 
showed extinction ratios up to 30dB for device lengths up to 2mm. However, some 
of the frequency responses clearly showed the influence of stitching errors, as 
multiple peaks were visible in transmission. This highlighted the necessity of finding 
an alternative fabrication route for future device fabrication.
Interesting reflection results were also obtained for the 90keV implanted devices, 
demonstrating that the observed frequency response could be attributed to a grating 
behaviour, and not to a wavelength selective loss mechanism. These devices were 
thermally treated with a RTA annealing in order to investigate thermal erasability, 
although some of them still displayed residual peak response which may be 
attributed to incomplete damage annealing.
Losses of 6.5dB/cm and 12dB/cm were measured by cutback method for devices 
implanted at 70keV and 90keV energy respectively, possibly due to the effect of ion 
damage inside the waveguides. These loss values appeared impractical for an 
integrated photonic device, therefore the second device design aimed to reduce the 
ion implantation energies as well as improving the hardmask lithography in an effort 
to reduce the loss figures.
The second design produced in the second half of this doctoral project was based on 
a sub micrometrical rib waveguide design. This choice was partly motivated by the 
availability of the resources for fabrication and by the necessity of keeping the 
processing compatible with the current state of the art fabrication processing.
The rib waveguide design was based on SOI wafers with H=0.4pm overall silicon 
thickness, etch depth D=200nm, and waveguide width W= 500nm. Fabrication was 
carried out with the support of Intel Corporation. Bragg grating templates were 
produced by DUV lithography, thus removing the limitations intrinsic to the electron 
beam lithography, as well as repeatability concerns.
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The grating modelling for this design highlighted a grating efficiency of 400cm"\ 
Due to the increased grating efficiency, the lengths for these devices could be greatly 
reduced if compared to the previous design, allowing grating lengths between 50pm 
and 1mm.
Transmission measurements for these gratings showed extinction ratios up to 25dB 
for grating lengths up to 1mm. Due to the reduced waveguide size, it was possible to 
achieve this extinction ratio with consistently lower implantation energies, as well as 
relatively low optical losses.
The measurements conducted via the Fabry-Perot resonance method have shown an 
average loss value of 4.3dB/cm. However, the collected data showed little variability 
between long and short structures, as well as little difference between implanted and 
unimplanted structures, as unimplanted waveguides showed losses around 3.7dB/cm. 
This evidence reinforced the assumption that the optical losses induced by 30keV Ge 
implants were low enough to be almost comparable to the measurement uncertainty, 
since optical losses of implanted devices differed on average by a value of l-2dB/cm 
from the loss figure of unimplanted waveguides.
It must also be considered that the high optical losses presented in literature for 
implanted amorphous silicon are for bulk materials usually implanted at MeV. The 
data analysed showed that the excess loss introduced by the implant was 
considerably lower than expected, making it almost indistinguishable from the 
measurement uncertainty.
Loss evaluation allowed fitting the measured data to the theoretical grating responses 
calculated by the coupled mode theory. In both cases the measured grating 
efficiencies were different to the theoretical figures. This difference appeared more 
evident for sub-micron size grating structures. The larger discrepancy may be 
attributed to the fact that employing waveguides with sub micrometrical dimensions 
allows reaching elevated theoretical grating efficiencies, such as those presented in 
chapter 4, but this also means that the grating performance is likely to vary greatly in 
a non ideal context, due to the proportionally larger interaction between the 
propagating optical mode and the periodic refractive index change.
The TEM analysis reported in chapter 5 partially explains the difference between the 
expected theoretical figures and the measured grating performance, demonstrating
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that the effective grating duty cycle for the implanted gratings was 20% smaller than 
the target value.
The discrepancy between the predicted grating efficiency and the measured grating 
performance could be reduced by increasing the complexity of the grating modelling, 
or by introducing modifications in the device processing to render the grating profile 
more controllable, such as a dimension bias in the hardmask features.
Thermal erasability for the second design devices was performed by rapid thermal 
annealing as well as by laser annealing, showing that implanted Bragg gratings can 
be completely erased by laser annealing treatment.
Laser annealing was successfully demonstrated by using a KrF excimer laser 
operating at 248nm.
It was possible to notice that the samples treated with RTA annealing still displayed 
a residual frequency response, as observed in samples annealed up to 650°C 
temperatures. This could be attributed to the presence of residual ion damage inside 
the waveguide, as well as implantation defects clustering. On the other hand, laser 
annealing takes place on a considerably faster time scale than RTA. The laser 
annealed devices were exposed to an elevated amount of energy over a time scale of 
nanoseconds, thus preventing partial recrystallization of the material or clustering of 
complex defects over long annealing times.
Optical losses were also characterized again on laser annealed samples, showing that 
irradiated waveguides were still functional after the thermal treatment and that the 
loss figures differed by only l-2dB/cm from those of the unimplanted waveguides, 
demonstrating that the ion implantation conditions can be tailored to produce 
relatively low loss implanted optical devices. Since device lengths range from 
100pm to 2mm, the additional loss due to the laser annealed grating is between 0.01 
dB and 0.2dB for every IdB/cm of excess loss
TEM analysis was also carried out on annealed samples in order to observe the 
modification of the implanted material due to laser exposure. The process might be 
further characterized in order to minimise the formation of residual damage in the 
irradiated structures.
The data collected demonstrated the effectiveness of laser annealing as a novel 
device post-processing technique which is a potentially simple, fast, and precise. The
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development of this technique opens the way to a new range of applications, and lays 
the foundation for future research activities on optical wafer scale testing, introduced 
in section 7.2.
It can therefore be concluded that the contribution to the field of silicon photonics 
brought by this work are:
• The design, fabrication, and characterization of ion implanted gratings with 
performance higher or comparable to etched silicon on insulator gratings 
presented in literature.
• The investigation of thermal erasability of implanted gratings by either RTA 
or laser annealing, that may significantly increase the development of an 
optical wafer scale testing technique for integrated photonics manufacturing.
7.2. Future work
As often happens in research, while looking for answers, we often find new 
questions. This doctoral work has tackled many of the issues regarding the 
investigation of ion implanted Bragg gratings in silicon on insulator, although there 
are many areas that could be still investigated. We now present a brief summary of 
these followed by a presentation of the optical wafer scale testing strategy which 
could be implemented by ion implanted Bragg gratings.
Device modelling: Bragg gratings are notoriously difficult to model, and this 
challenge can be rendered even more complicated if we consider the influence of 
other factors, such as ion implantation. In the perspective of improving the device 
design, as well as the data interpretation, it may be interesting to extend the 
modelling work in order to better link the effects of ion implantation and grating 
performance, as the modelling in this work assumed ideal profiles.
This kind of modelling task may require the use of tools which cannot currently be 
found on the market.
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Additional Ellipsometry characterization: Additional ellipsometry measurements 
could be performed to investigate the change of refractive index during annealing, 
especially for the case of RTA treatment. This could allow to better understand how 
the material refractive index reverts back to the crystalline state.
Additional annealing study: Annealing at temperatures over 800°C could be used to 
further investigate the residual peak response observed in some of the presented data, 
in order to understand if the observed behaviour is effectively related to the presence 
of complex defect.
Furthermore, the laser annealing conditions investigated in this work are only an 
initial step towards the development of this technique for integrated photonic devices 
post processing, as much can be done to improve its precision and selectivity. A 
complete characterization of laser annealing for silicon photonics may include a 
complete characterization of laser fluence, spot size, and beam profile in order to 
obtain an optimised exposure regime that would enable individual device processing. 
Optical wafer scale testing applications: In the perspective of adding an integrated 
“photonic layer” onto a silicon microelectronic circuit, one of the challenges that 
must be addressed in this field is the creation of a photonic wafer scale testing 
technique in a similar fashion to what happens today in integrated electronic 
industrial manufacturing. This represents a critical step for the advancement of 
silicon photonics to large scale technology production with reduced costs.
One important aspect stemming from this work is perhaps the possibility of 
employing the obtained knowledge in the production of thermally erasable couplers 
for wafer scale testing.
Figure 7.1 shows a hypothetical implementation of the wafer scale testing technique 
in order to test an integrated photonic device. When processing a wafer containing 
integrated optical devices, an extra step is included in the manufacturing process in 
order to add input and output implanted gratings near any of the fabricated devices 
that require testing.
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Figure 7.1. Schematic illustration of an optical wafer scale testing method based
on ion implanted gratings.
Once implanted couplers have heen patterned on the wafer, a test signal can be 
routed into the wafer by using single mode optical fibres. Depending on how the 
gratings are arranged on the wafer, light can either be collected by a single exit point 
(also an implanted grating) or by multiple exit points by using similar fibres.
Figure 7.2 shows a hypothetical implementation of the wafer scale testing technique 
in order to test a series of integrated photonic devices by including implanted 
gratings. This testing scheme includes the use of an input grating coupler to 
introduce a test signal in the wafer by fiber coupling.
Input/Output test signal (fiber coupled)
Si overlayer 
Buried Oxide Layer 
Silicon Substrate
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Implanted Bragg gratings
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Figure 7.2. Schematic illustration an optical testing scheme based on a 
combination of grating couplers and implanted Bragg gratings.
Implanted Bragg gratings can be patterned on the wafer where required, whereas the 
use of etched grating might be limited to the wafer edges.
Once the devices have been successfully tested whilst still on the part processed 
wafer, the implanted gratings may be erased by local laser annealing (subject to a 
suitable recipe being developed during this work). Alternatively, should the devices
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not perform successfully the wafer can either be discarded or re-processed, 
depending on the available resources.
Figure 7.3 illustrates a possible optical wafer scale testing strategy that employs 
implanted gratings with different wavelength characteristics, enabling the use of a 
multi-wavelength testing signal.
Input test signal
Output test signal Aj Output test signal Output test signal A3
PDUTl PDUT2 PDUT3
Si overlayer 
Buried Oxide Layer 
Silicon Substrate
Implanted Grating couplers
Figure 7.3. Schematic illustration of an implanted grating testing scheme based
on implanted grating couplers.
In the proposed testing scheme a higher efficiency (qi) input coupler is fabricated on 
a device wafer, and the output signal is extracted at different points in the wafer by 
using different gratings of various period (Aj, A 2 ,  A 3 )  . In order to distinguish the 
testing output for each different device, a variety of strategies could be implemented. 
As an example, different gratings could be implanted in different positions on the 
wafer by employing either different implantation depths (i.e. different implantation 
energies), or different grating periods. By doing so different wavelength signals 
could be used, allowing the implementation of more complex testing schemes.
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